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ABSTRACT 


The  objectives  of  this  ONR  sponsored  University  Research  Initiative  (URI)  entitled 
“Materials  for  Adaptive  Structural  Acoustic  Control”  concern  both  basic  fundamental  studies  and 
highly  applied  development  of  the  piezoelectric  and  electrostrictive  ferroelectric  ceramics  which 
carry  both  the  sensing  and  actuation  functions  for  adaptive  control.  The  report  documents  work 
over  the  third  year  of  this  five  year  program.  For  convenience  and  continuity,  the  activities  are 
grouped  under  the  headings”  General  Summary  Papers,  Materials  Studies,  Composite  Sensors, 
Actuator  Studies,  Integration  Issues,  Processing  Studies,  Thin  Film  Ferroelectrics,  and  the 
Abstracts  of  graduating  students  on  the  program. 

The  first  general  papers  illustrate  the  educational  role  undertaken  by  MRL  faculty  both  in 
the  basic  understanding  of  ferroics,  and  in  the  philosophy  of  their  application  in  ‘smart’  systems. 
It  is  interesting  that  through  work  pioneered  on  earlier  ONR  programs  in  MRL,  it  is  now  possible 
to  measure  both  direct  and  converse  electrostrictive  response  in  simple  solids,  and  to  thus  explore 
models  to  explain  the  signs  and  magnitudes  of  these  striction  constants.  The  relaxor  ferroelectrics 
have  been  a  topic  of  study  for  more  than  30  years  in  the  laboratory,  but  recent  breakthroughs  have 
revolutionize  the  level  of  understanding  and  opene  a  vista  for  further  potential  application  of  size 
(scale)  effects  in  ferroics.  Electrical  control  of  shape  memory  has  been  achieve  in  a  number  of 
electro-ferroic  solids,  but  full  exploitation  will  need  more  complete  understanding  of  both 
ferroelectric  and  fenroelasticiferroelectric  domain  wall  processes.  Photostriction,  the  combination 
of  photovoltaic  and  piezoelectric  effects  in  ceramics  promises  an  interesting  range  of  new  device 
possibilities. 

In  material  studies,  the  elegant  work  on  lanthanum  modified  lead  titanate  has  now  been 
fully  written  up,  and  the  vital  role  of  strain  coupling  in  the  onset  of  diffuse  response  underscored. 
New  experimental  methods  have  been  applied  to  separating  and  measuring  intrinsic  and  extrinsic 
components  of  response  in  PZT  ceramics  and  to  the  measiuement  of  microwave  properties  in  these 
high  K  systems.  Soft,  intermediate,  and  hard  modified  lead  zirconate  and  PZT  composition  have 
been  under  study  for  new  and  more  interesting  morphotropic  phase  boundaries  which  could  be 
fabricated  in  single  crystal  form.  Both  optical  birefiingence  and  Raman  studies  are  being  used  to 
explore  domain  and  phase  changes. 

In  sensing  studies,  the  focus  has  been  maintained  upon  fiextensional  (Moonie)  structures 
and  the  enhanced  performance  which  new  end  cap  designs  are  affording.  The  polyvinylidene 
fluoride/trifluoethylene  piezoelectrics  are  themselves  an  interesting  composite  system  where  the 
lower  symmetry  demands  more  complete  characterization.  The  1:3  rod  and  tube  type  composites 
have  many  performance  advantages  and  trade-offs  which  will  ensure  wider  scale  application  now 
that  economical  assembly  techitiques  are  at  hand. 


For  actuation,  the  flextensional  (Moonie)  offers  a  number  of  advantages  which  merit 
further  study.  Both  material  and  multilayer  device  related  fatigue  and  destruction  mechanisms  are 
under  study,  and  modes  to  control  and  alleviate  microcracking  and  space  change  degradation  are 
examined.  More  detailed  studies  of  the  photostriction  effects  and  their  control  by  doping  effects  in 
PZTs  have  also  been  accomplished. 

Integration  studies  have  continued  to  explore  the  components  which  must  be  co-processed 
in  the  smart  material  or  adaptive  assemblage.  Examples  are  the  thick  film  conductors  in  copper  or 
silver/palladium,  the  0:3  high  density  piezoelectric  polymer  composites  and  the  filter  functions 
required  to  eliminate  cross  talk  in  the  wiring  system. 

Processing  studies  are  essential  to  the  fabrication  of  the  very  wide  range  of  materials 
demanded  by  all  elements  of  the  program.  Relaxor  materials  have  formed  the  focus  for  many 
processing  activities  but  more  recently  the  needs  for  high  strain  actuation  are  refocusing  interest  on 
phase  switching  antiferroelectricrferroelectric  compositions  in  the  high  lead  zirconate  PLZTs  and 
PSnZTs  with  mounting  evidence  for  multiple  ferroelectric  phases  appearing  under  high  fields. 

Thin  film  papers  have  been  selected  from  the  extensive  work  in  MRL  on  ferroelectric  films 
because  of  their  relevance  to  transduction  in  piezoelecttic  or  phase  switching  compositions. 
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Abstract—  The  transmission  characterisUcs  of  muitiiayer 
ferrite-high-Jf  microstrip  lines  have  been  calculated  by  means 
of  the  parallel-plate  waveguide  approximation.  The  relaxation 
behavior  of  the  dielectric  permittivity  and  permeability  have  been 
taken  into  account  by  using  the  Debye  and  the  Maxwell-Wagner 
relaxation  models.  The  results  demonstrate  that  these  lines 
can  be  used  as  very  small  size  delay  lines  and  low-pass  filters 
that  can  be  tuned  by  adjusting  the  layer  thickness  ratio,  the 
resistivity  of  the  semiconductor  layer,  and  the  difference  between 
the  permittivity-permeability  product  of  each  layer. 

I.  Introduction 

PLANAR  Metal-Insulator-Semiconductor  (MIS)  trans¬ 
mission  lines  are  used  in  the  integrated  circuit  industry 
as  delay  lines  [1],  slow-mode  transmission  devices  [2], 
pulse  modulators  [3],  and  other  applications  where  the 
propagation  constant  is  required  to  have  a  dispersive  behavior. 
In  this  paper,  the  parallel-plate  waveguide  approximation 
used  to  ciculate  the  transmission  properties  of  MIS  has 
been  extended  to  calculate  the  transmission  characteristics 
of  metal-semiconductor-relaxor  (MSR)  microstrip  lines.  The 
final  goal  is  to  create  the  tools  to  fabricate  very  small  size 
devices  like  delay  lines  and  low-pass  filters  that  can  be 
incorporated  into  the  packaging  substrate. 

Magnetic  semiconductors  (c.g.,  ferrites),  and  relaxor  di¬ 
electrics  (e.g.,  lead  magnesium  niobate)  exhibit  relaxation  of 
their  dielectromagnetic  properties  with  frequency.  The  relax¬ 
ation  of  the  dielectric  permittivity  of  the  relaxor  dielectric  has 
been  modeled  with  the  Debye  relaxation  approximation.  The 
relaxation  of  the  permittivity  of  the  semiconducting  ferrites  has 
been  introduced  by  means  of  the  Maxwell-Wagner  relaxation 
model  [4].  And  finally,  the  magnetic  relaxation  of  the  ferrite 
has  been  approximated  by  a  dual  Debye  relaxation  model  for 
frequencies  below  the  low  gigahertz  range  [6]. 

The  transmission  characteristics  for  MSR  lines  were  ob¬ 
tained  by  solving  the  equations  for  a  LSE  (Longitudinal 
Surface  Electric)  mode  of  the  parallel-plate  waveguide  equiv¬ 
alent  as  described  by  Guckel  [5],  and  Hasegawa  [1]. 

Our  model  was  tested  against  published  data  for  MIS  since 
there  ate  no  data  for  MSR  lines.  The  solutions  obtained  with 
this  model  agree  within  an  error  of  less  than  5%  with  the 
published  data.  The  model  was  tested  against  experimental 
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Fig.  1.  Multilayer  microslrip  line  modeled  in  this  study.  The  figure  shows 
the  layer  thicknesses,  identification,  and  axes  orientation,  e*  and  are  the 
complex  relative  permittivity  and  permeability,  respectively. 


data  for  MSR  lines.  The  results  show  that  the  theoretical  values 
agree  within  an  error  of  less  than  10%. 

The  response  of  the  MSR  lines  is  quite  similar  to  the 
frequency  response  of  MIS  lines.  At  low  frequencies  a  slow- 
wave  mode  predominates,  and  at  high  frequencies  a  quasi- 
TEM  mode  is  dominant.  The  frequency  response  proved  to 
be  sensitive  to  the  resistivity  of  the  semiconductor  material. 
The  attenuation  and  characteristic  impedance  can  be  controlled 
with  the  geometry  of  the  line,  the  resistivity  of  the  semicon¬ 
ductor,  and  the  dielectromagnetic  properties  of  the  materials 
used. 


II.  Model 

The  geometry  that  is  of  interest  for  this  study  is  the  one 
depicted  in  Fig.  I.  This  configuration  has  been  chosen  because 
it  is  close  to  the  actual  geometry  for  electronic  packaging. 

The  modeling  procedure  can  be  described  as  follows:  the 
first  step  in  this  model  is  to  assume  that  at  zero  and  optical 
frequencies  the  quasi-TEM  approximation  is  valid  as  it  has 
been  demonstrated  elsewhere  in  the  literature  [6).  The  effective 
values  of  the  permittivity  and  permeability  can  be  calculated 
by  using  the  variational  approach  devised  by  Yamashita  [7]. 
The  microstrip  line  is  assumed  to  be  completely  filled  with 
fprh  of  the  substrates  one  at  a  lime,  and  the  effective  values 
are  calculated  for  the  total  substrate  thickness.  After  finding 
the  effective  values  for  each  material  at  zero  and  very  high 
frequencies,  these  values  are  introduced  into  the  relaxation 
models  described  before.  The  partial  thicknesses  are  calcu¬ 
lated  from  the  optical  limit  of  the  relaxation  models.  These 
thickness  values  are  used  with  the  parallel-plate  waveguide 


0018-948(V94$04.00  ©  1994  IEEE 


FIALLO  rial.:  TRANSMISSION  PROPERTIES  OF  METAL-SEMICONDUCTOR-RELAXOR  MICROSTRIP  LINES 


1177 


model  and  the  complex  propagation  constant  and  characteristic 
impedance  are  evaluated. 

The  quasi-TEM  approximation  to  calculate  the  zero  and 
optical  effective  values  of  the  permittivity  and  permeability  of 
each  layer  requires  the  solution  of  the  electrostatic  Poisson’s 
equation  and  its  magnetic  analog.  For  tlie  electrostatic  case, 
the  equation  to  solve  is 

vv(x, ,}  =  „) 

where  t/i(x,  y)  is  the  electric  potential,  p(i)  is  the  charge 
density  distribution,  eo  is  the  free  space  permittivity,  £;  is  the 
real  part  of  the  complex  permittivity  of  the  ith  layer,  h  is  the 
strip  height  {hi  +  /12),  and  6{y  -  h)  is  the  Dirac  function  to 
mimic  the  charge  distribution  at  y  equal  to  h. 

For  the  magnetic  case,  restricting  the  current  flow  to  the  a 
direction,  the  equation  to  solve  is 

V^A{x,  y)  =  y)S{x,  y  -  li)  (2) 

where  A{x,  y)  is  the  magnetic  vector  potential  in  the  xy  plane, 
J{x,  y)  is  the  current  density,  6{x,  y—h)  is  the  Dirac  function, 
m  is  the  real  part  of  the  complex  magnetic  permeability  of  the 
ith  layer,  and  no  is  the  free  space  permeability. 

Solutions  to  (1)  and  (2),  for  the  geometry  given  in  Fig.  1, 
have  been  obtained  by  means  of  the  variational  method  [6J. 
The  effective  permittivity  can  be  evaluated  as 

teft  =  Ct  I  Co  (3) 


^l"p{P)m  h)T{p)d0 


Q  is  the  strip  charge,  0  is  the  spectral  domain  variable,  and 
Co  is  the  geometrical  capacitance  of  the  line,  i.e.,  when  the 
substrate  is  air. 

The  difference  between  this  model  and  the  one  reported  by 
Yamashita  [7]  is  the  spectral  form  of  the  electrostatic  potential. 
The  potential  here  is  given  by 

t{b,  h)  =  p{b)G{b,  h)  (5) 

where 
G{I3,  h)  = 

[t2 Coth  (/?/i2)  +  ei  Coth  {/3hi)][e3 Coth  (fflta)  +  €4] 
\p\[ti  Co\h{Phi)Ki{P,  h)  +  K2{P,  h)} 
and 

KiiP,  h)  =  £2[£3  Coth  (/J/tz) Coth  (/3/.3) 

+  £4  Coth  (j9/j2)]  +  «3[£3  +  £4  Coth  (^/ta)) 

K2{P,  /.)  =  £2£3[£2Coth(,9/i3) 

+  £4  Coth  iPho)  Coth  {Ph2)  +  £3  Coth  (/S/rz)]  +  £i£4. 
The  variable  p{P)  is  the  spectral  form  of  the  charge  distribution 
as  given  by  Yamashita  [7]. 

The  solution  of  the  magnetostatic  equation  was  carried  out 
in  an  analogous  way  to  the  electrostatic  case.  The  effective 
permeability  was  calculated  as 

«eff  =  ^  (7) 


where  Lo  is  the  geometrical  inductance,  i.c.,  the  air-lilled  line, 
and 

rOO 

z,  =  /  J^p)G,„{/i,  h)T{P),lii  (S) 

’T'-  Jo 

where  i  is  the  strip  current,  -/(/f)  is  the  curieni  distribution 
which  was  considered  to  have  the  same  form  as  the  charge 
distribution  in  the  electrostatic  case.  Our  Green's  1  unction  is 
given  by  16J 

G.niP,  h)  = 

P2P-o[p-\  Coth  (/j/tz)  +  112  Coth  {flhi)][m  Coth  [phj)  +  /13] 

\P\{p2Colh(Phi)Ki„,{P,  h)  +  K2,n(P,  h)} 

(9) 


I<un(P,  li)  =  Pi  Coth  {phi){ii4  Coth  (/f/12)  +  P2] 

+  nl  Coth  (/f/tz)  +  /‘2/‘4 

K2Tn{P,  h)  -  /ii  {/ial/M  Coth  (Phs)  +  P2  Coth  (/f/ta) 

•‘Coth  (/f/12)  +  /‘a]  +  Coth  [Pha)}- 

After  calculating  the  effective  dielectric  permittivity  and 
the  effective  permeability  for  each  layer  at  zero  and  opti¬ 
cal  frequencies,  the  optical  values  arc  used  to  calculate  the 
equivalent  thicknesses  of  the  substrate  layers  in  the  parallel- 
plate  waveguide  equivalent.  The  thicknesses  are  evaluated  by 
solving  the  following  equations: 

—  =  JH-  +  -hi.  (10) 

£efr  £cir  1  Ccir  2 

Pttfh  =  Petr  l/‘l  +  Pelt  2l‘‘2  (*0 

where  £eir  and  p^n  arc  the  effective  values  of  permittivity 
and  permeability  for  the  multilayer  structure  at  optical  fre¬ 
quencies.  The  variables  Ceir  i  and  £eir  2  arc  the  partial  effective 
permittivities  when  the  substrate  is  filled  with  either  one  of 
the  materials,  and  p^ni  and  /teirz  arc  the  partial  effective 
permeabilities  when  the  substrate  is  filled  with  each  one  of 
the  materials. 

The  next  step  is  to  insert  the  zero  frequency  partial  effective 
permittivities  and  permeabilities  in  the  relaxation  model  that 
best  fits  the  real  behavior  of  the  substrate  materials.  For  relaxor 
dielectrics  at  frequencies  below  the  low  gigahertz  range,  the 
Debye  relaxation  model  can  be  used  with  a  variation  suggested 
by  Cole  el  al.  [8J  to  take  into  account  the  nonideal  response 
of  these  materials,  i.e.,  the  Cole-Cole  plot  is  not  a  real-axis- 
centered  semicircle.  The  equations  for  this  case  are 

,  ,  ,  .  [f,iri(0)-£rtri(oo)]|l  +  (^^)‘~*sin^/.] 

£j  £eiT«(oo;  1 -|-2(a;r)*~*sin(^-F 

_  kir.CO)  -  £oir.(oo)](>^r)*-^cos(/. 

1  +  2(aiT)i-*  sin  ij)  -F  (wr) 

where  c<  is  the  real  part  of  tlie  frequency  dependent  permit¬ 
tivity  of  the  ith  layer  (t  =  1,  2),  and  cj'  is  the  imaginary 
part.  The  variables  £e(ri(0)  and  £*111(00)  are  the  layer  effective 
permittivity  for  zero  and  optical  frequency  respectively,  ui  is 
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the  angular  frequency,  and  r  is  the  relaxation  time  that  has  to 
be  measured.  The  variables  <p  and  6  are  calculated  from 

(14) 

where  <j>  is  the  angle  that  the  radius  of  the  nonideal  Cole-Cole 
plot  forms  with  the  real  axis  [8]. 

The  relaxation  behavior  of  the  permittivity  of  ferrite  semi¬ 
conductors  is  well  approximated  by  the  Maxwell-Wagner 
relaxation  model.  Since  these  materials  exhibit  a  nonideal 
relaxation  the  adjustment  introduced  by  the  6  factor  is  ap¬ 
plicable  in  this  case.  The  real  part  of  the  permittivity  in  the 
Maxwell-Wagner  model  has  the  same  form  as  for  the  Debye 
model.  The  imaginary  part  has  to  be  corrected  for  conduction 
losses,  and  it  is  given  by 

„  ^  [eefri(0)-eaffi(o°)l(<^T)^~*cos.^  ^  (15) 

1  +  sin  ^ 

where  ai(0)  is  the  dc  conductivity  of  the  ith  layer,  cq  is  the 
free  space  permittivity,  and  w  is  the  angular  frequency. 

The  magnetic  relaxation  for  frequencies  under  the  low 
gigahertz  range  can  be  modeled  by  solving  the  dc  and  ac 
equations  of  an  equivalent  circuit  obtained  after  applying  die 
duality  principle  to  the  circuit  used  in  the  Debye  relaxation 
model.  Although  this  approximation  does  not  show  the  low 
frequency  relaxation  present  in  the  spectra  of  most  ferrites,  it 
is  a  good  approximation  for  ferrites  that  have  been  diluted  in  a 
diamagnetic  phase.  [9]  The  equations  to  approximate  the  real 
and  imaginary  part  of  the  permeability  ate  [6] 

M  i  (0)w*r^  +  t  (oo) 

„  _  (17) 

/ieff  t(0)w*T*,  +  Htai{oo) 

where  /iefi<(0)  and  effective  permeability 

of  the  ith  layer  calculated  for  zero  and  optical  frequencies, 
respectively.  The  variable  Tm  is  the  relaxation  time  of  the 
material  that  must  be  measured.  The  relaxation  model  for 
the  permeability  at  low  frequencies  can  be  modified  in  the 
same  way  as  the  relaxation  model  for  the  permittivity.  This 
assumes  that  the  Cole-Cole  plot  of  the  complex  permeability 
is  semicircle  not  centered  on  the  real  axis. 

The  solution  of  the  complex  propagation  constant  and 
the  characteristic  impedance  for  the  parallel-plate  waveguide 
equivalent  requires  the  solution  of  the  wave  equation  for  a 
non-TEM  mode.  In  fact  the  solution  can  be  obtained  by  using 
the  techniques  for  solving  surface-wave  modes,  i.e.,  LSE,  LSM 
modes.  The  LSE  mode  or  TM  to  y  mode  has  been  solved  in 
this  case.  The  solution  process  can  be  found  elsewhere  in  the 
Uterature  [10],  [1 1].  Starting  from  the  eigenvalue  characteristic 
equation  and  using  the  continuity  condition  at  the  interface  the 
following  equations  can  be  found: 

tJi  +  tI  = 

(19) 


Frequency  tHz] 


Fig.  2.  Absolute  value  of  the  real  and  imaginary  part  of  the  perniittiv- 
ity-permcabilily  product  difference  for  a  mctal-semiconductor-rclaxor  mi- 
crosthp  line  made  of  layers  of  Pb  (Mg,  Nb,  11)03  and  NiZnFe204. 

7k1  Tanh  (7,i/ri)  4-  ^  Tanh  (7„2/t2)  =  0  (20) 

where  7„i  is  the  ith  propagation  constant  in  the  y  direction  for 
the  TM-y  mode,  7,  is  the  complex  propagation  constant  in  the 
z  direction,  e*  and  /ij  are  the  frequency  dependent  complex 
permittivity  and  permeability  of  the  ith  layer,  respectively. 

Equations  (18)  and  (19)  can  be  reduced  to  an  eigenvalue 
equation  for  7y<,  the  equation  to  solve  is 

"fyi  ”  0'y2  “  £2^*2)  =  0.  (21) 

The  solutions  are  found  by  solving  (20)  and  (21)  simulta¬ 
neously  for  each  frequency.  Although  it  is  possible  to  find 
a  complete  solution  for  this  system,  tlic  procedure  is  time 
consuming  and  sometimes  does  not  converge  to  a  solution.  In¬ 
stead,  some  meaningful  approximations  are  possible  based  on 
the  diclectromagnetic  spectra  of  the  permeability-permitivily 
product  difference.  Fig.  2  shows  the  permeability-permittivity 
product  difference  for  a  sample  made  of  nickel  zinc  ferrite 
and  high  permittivity  lead  magnesium  niobate.  The  spectmm 
can  be  divided  in  four  different  regions.  Region  I  is  limited 
0  <  /  <  min[((Ti/(£i«ol  where  the  layer  with  the  larger 
conductivity  is  lossy.  Region  II  has  a  range  min  [(o'i/(e«£o]  5 
/  <  minll/Tj,  l/Tmi]  where  both  layers  are  lossy.  The  range 
of  region  III  is  min[l/Ti,  l/rmi]  <  /  <  max[l/Ti, 
where  the  nonmagnetic  layer  is  lossy.  Finally,  region  IV  is 
the  region  above  /  >  max[l/n,  where  the  field 

distribuUon  depends  on  the  dielectric  permittivity  of  the  layers 
as  in  the  case  of  a  low-loss-partially  filled  waveguide. 

Region  I:  In  this  region  one  of  the  substrate  layers  is 
very  lossy  because  of  conduction  losses  and  the  other  can 
be  considered  lossless.  The  lossy  material  will  be  the  ferrite 
semiconductor,  and  the  losses  material  will  be  the  relaxor 
dielectric.  The  propagation  constants  have  to  show  these 
characteristics.  The  propagation  constant  in  the  lossy  material 
7^2  has  to  be  larger  than  the  propagation  constant  in  the 
lossless  material  because  the  propagation  constant  in  the  z 
direction,  7,,  is  almost  zero  in  the  lossy  layer.  Equation  (20) 
can  be  reduced  to  the  following  form: 

<1^1=0  (22) 

tj  (-2  1  J 

where  the  hyperbolic  tangent  has  been  approximated  to  Uie 
first  order  for  the  lossless  line  and  to  the  second  order  for  the 
lossy  layer. 
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Fig.  3.  Comparison  of  attenuation  values  in  Np/m  for  a  MIS  microstrip  line  pg  4  Comparison  of  wavelength  ratios  A/Ao  for  the  same  MIS  microstrip 
with  the  following  parameters:  ei  =  12,  eg  =  4.5,  hi  =  200  ^2  “,£i^  described  in  Fig.  3. 

urn,  u)  =  IGOO  /im.  The  conductivity  of  the  second  layer  was  0.1  [n-m] 


Region  II:  After  the  conduction  loss  has  decreased,  the 
Debye  or  dipolar  losses  appear  in  both  materials.  The  wave 
propagates  through  both  materials.  The  latter  means  that  at 
these  frequencies  the  hyperbolic  tangent  has  to  be  replaced 
by  a  polynomial  approximation  with  more  than  one  term. 
Equation  (20)  can  be  reduced  to  the  following  form: 


Region  HI:  The  Debye  losses  in  one  of  the  materials  (the 
one  with  the  smallest  relaxation  time)  have  decreased  together 
with  the  magnetic  losses.  In  the  structure  of  interest,  the  second 
layer  beeomes  lossless,  and  the  first  layer  is  still  lossy.  The 
situation  is  opposite  to  the  one  analyzed  in  region  one.  The 
approximation  for  this  region  is  given  by 

L  ^  \  ^2 

Region  IV:  This  region  resides  within  the  gigahertz  range.  At 
these  frequencies,  it  is  difficult  to  approximate  the  hyperbolic 
tangent  by  a  polynomial  because  the  value  of  'tyihi  can  be 
larger  than  unity.  For  some  cases,  the  following  approximation 
to  (20)  gives  meaningful  results: 

M  +  M+o  (25) 

m.  Results 


Frequency  (Hz) 


Fig.  5.  Comparison  of  attenuation  values  in  dB/m  for  a  MIS  microstfip  line 
with  the  following  parameters:  ei  =  12.  eg  =  4^5.  hi  -  ^^0  I'm-  2  / 

yim,  ui  =  1600  yrm.  The  conductivity  of  the  second  layer  was  0.085  [U-m]  . 


Frequency  (Hz) 


Fig.  6.  Comparison  of  wavelength  ratios  A/Ao  for  the  same  MIS  microstrip 
line  described  in  Fig.  5. 


We  have  not  found  data  in  the  literature  for  MSR  microstrip 
lines  to  compare  with  our  results.  To  ascertain  whether  or 
not  our  model  gives  useful  results,  the  examples  published  by 
Guckel  el  al.  [5]  and  Hasegawa  et  al.  [1]  for  MIS  microstrip 
lines  were  chosen  as  references.  Figs.  3  and  4  show  the  results 
obtained  from  our  model  plotted  against  data  obtained  from 
Guckel’s  paper.  It  can  be  seen  that  the  difference  is  less 
than  3%  for  the  attenuation  and  the  wave  length  ratio,  also 
called  the  slow-wave  factor.  Figs.  5  and  6  show  the  results 
calniiatftd  from  our  model  plotted  against  data  published  by 
Hasegawa.  The  values  agree  with  a  difference  of  less  than  7%. 
The  ynaximum  difference  was  found  in  the  wavelength  ratio 

at  high  frequencies. 

The  reason  for  these  differences  is  the  fact  that  Hasegawa  in 
his  approxirr  ation  assumed  that  the  high  frequency  effective 
permittivity  is  the  same  as  the  optical  value  of  the  permittivity 


of  the  semiconductor  substrate.  In  our  model,  the  effective 
permittivity  at  high  frequencies  is  smaller  than  the  substrate 
permittivity  because  it  was  calculated  using  the  vanational 
method,  i.e.,  Hasegawa’s  esi  =  12,  our  model  Ceff  si  =  10- 
Samples  of  the  structure  of  interest  were  prepared  by  gluing 
together  layers  of  nickel  zinc  ferrite  (Nii_xZniFe204),  md 
lead  magnesium  niobate  (PbMgi/3Nb2/303)  relaxor  ferroelec¬ 
tric.  The  adhesive  was  either  epoxy  resin  or  air  dry  silver  paste. 
The  dielectromagneUc  characteristics  and  the  thicknesses  used 
as  input  for  the  model  are  given  in  Table  1.  Fig.  7  shovvs 
the  calculated  and  measured  values  of  attenuation  in  decibels 
for  sample  SHI.  The  errors  are  below  10%  which  means 
that  for  these  parameters  the  approximation  gives  results  that 
are  reasonably  accurate,  especially  if  we  consider  that  some 
attenuation  factors  have  not  been  taken  into  account,  e.g.. 
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Fig.  7.  Comparison  between  experimental  and  predicted  values  of  attenua¬ 
tion  in  decibels  for  sample  SHI.  See  Table  I  for  details. 


FraqMnqrN 

Fig.  8.  Comparison  between  experimental  and  predicted  values  of  the  real 
part  of  the  characteristic  impedan^  for  sample  SHI.  See  Table  I  for  details. 


Fig.  9.  Comparison  between  experimental  and  predicted  values  of  the 
imaginary  part  of  the  characteristic  impedaiKe  for  sample  SHI.  See  Table 
I  for  details. 

conductor  losses,  and  radiation  losses.  Fig.  8  and  9  present 
the  measured  and  calculated  values  of  the  real  and  imaginary 
parts  of  the  characteristic  impedance  for  sample  SHI.  It  can 
be  seen  that  the  error  is  larger  for  frequencies  in  the  gigahertz 
range.  This  discrepancy  was  expected  since  the  approximation 
of  the  hyperbolic  tangent  fails  in  region  IV. 

The  effect  of  changing  the  semiconductor  resistivity  and 
the  layer  thickness  ratio  was  calculated.  Fig.  10  shows  the 
calculated  attenuation  in  decibels  for  samples  simulated  with 
three  different  conductivities  of  the  semiconducting  ferrite; 
2.34  X  10-2(n-m]-^(SH2).  2.34  x  10-®[n-m]-i(SHl),  and 
2.34  X  10“®[n-m]“‘(SH3).  It  can  be  seen  that  a  change  in 
the  resistivity  affects  the  response  at  low  frequencies,  which 
is  understandable  because  the  conduction  losses  appear  in  this 
frequency  range.  At  high  frequencies  the  response  is  the  same 


TABLE  I 

iDENimCATION  AND  PARAMETERS  USED  IN  THE  SlMULATrONS:  ONLY  SH  I  WAS 

Both  Fabricated  and  Simulated.  Examples  SH2.  3  Were  Only  Simuiated 


EXAMPLES 

(’) 

hi 

no  ^ 

]ffl] 

•'2 

iio"* 

|m] 

hj/li, 

t’l  ^ 

•  *  0  ■ 

[0  ml  1 

k  1  ’ 

10  ml  1 

SHI 

3.858 

7.317 

1.9 

0 

24C.C'!’ 

SH2 

3.858 

7.317 

1  9 

0  01 

24600  00 

SH3 

3.858 

7  317 

1  V 

0  U1 

x! 

(*)  The  following  values  were  kept  constant  in  both  the  samples  and 
the  simulations: 

f,(0)  =  10915;  <i(oo)  =  463.92;  fjfO)  =  140;  (2(00)  =  9.5D; 
n  =  10“®;  t2  =  2  X  10“'' ; 

/ii(0)  =  1;  /ii(oo)  =  1;  /r2(0)  =  9.475;  112(00)  =  1; 
T„i  =  10“*®;  t„2  =  3  X  10“® 

ID  =  1.98  mm;  I  =  10.987  mm 
w  is  the  strip  width  and  2  is  the  line  length. 


Rg.  10.  Effect  of  Uie  change  in  the  conductivity  of  the  semiconducting  ferrite 
on  Uie  calculated  attenuation  of  examples  SHI,  SH2,  SH3.  Notice  the  effect 
at  low  frequencies. 


Rg.  1 1 .  Effect  of  die  change  in  the  conductivity  of  the  semiconducting  ferrite 
on  the  calculated  wavelength  ratio  of  examples  SHI,  SH2,  SH3.  Notice  the 
effect  in  Uie  low  frequencies. 

for  all  three.  The  calculated  slow-wave  factors  for  samples 
SHI,  SH2,  and  SH3  are  shown  in  Fig.  1 1.  It  is  possible  to  see 
that  for  conductivities  close  to  2.34  x  10“®[n-m]“'{(7c)  hie 
slow-wave  factor  is  almost  independent  of  frequency.  On  the 
other  hand,  if  the  conductivity  is  very  much  lower  or  higher 
than  (Tc  hte  structure  can  be  used  as  a  delay  line. 

The  calculated  characteristic  impedance  was  found  to  os¬ 
cillate  around  the  value  50  fl  if  the  conductivity  was  smaller 
than  2.34  x  10~®[fi-m]"*  for  a  frequency  range  between  10^ 
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Fig.  12.  EfTecl  of  the  change  in  the  conductivity  of  the  semiconducting 
ferrite  on  the  real  part  of  the  calculated  characteristic  impedance.  Notice  that 
the  smaller  the  conductivity  the  Hatter  the  response  below  1  GHz. 

to  10®  Hz  as  shown  in  Fig.  12.  In  general,  these  figures  suggest 
also  that  there  may  be  a  resistivity  value  that  produces  a 
minimum  in  the  attenuation  as  found  by  Guckel  [5]  in  his 
analysis  of  MIS.  However,  an  explicit  form  of  this  minimum 
was  not  found.  The  behavior  of  the  response  of  MSR  lines 
for  variations  in  the  second  layer  resistivity  can  be  used  as  a 
design  criterion  for  choosing  the  materials  in  applications  such 
as  low-pass  filters  and  delay  lines. 

Changing  the  thickness  ratio  had  a  minor  effect  unless  the 
thickness  of  one  of  the  layers  was  very  thin  (/i2//‘i  <  0-5)- 
The  results  suggested  that  a  semiconducting  layer  is  required 
but  its  thickness  can  be  very  small.  This  is  important  from  the 
fabrication  point  of  view. 

The  effect  of  changing  the  relaxation  times  was  found  to 
affect  markedly  the  frequency  response  in  regions  II  and  III. 
The  latter  is  understandable  because  the  change  in  relaxation 
times  means  a  change  in  the  relation  cj/ij  —  e^nl-  When  this 
relation  is  close  to  zero  the  waveguide  behaves  as  if  were  filled 
by  a  homogeneous  material  causing  the  TM— 1/  propagation 
to  disappear  [12].  The  change  in  relaxation  time,  which  can 
be  achieved  by  modifying  the  materials  physical  properties, 
helps  tune  the  attenuation  maxima  to  the  desired  frequency. 
Following  this,  a  third  method  can  be  developed  to  control  the 
frequency  response  of  MSR  lines  by  utilizing  materials  whose 
difference  in  permittivity-permeability  product  is  close  to  zero 
in  the  frequency  range  of  interest. 

IV.  Conclusions 

The  parallel-plate  waveguide  approximation  used  for  MIS 
along  with  the  relaxation  models  for  the  dielectromagnetic 
properties  of  materials  have  been  used  to  theoretically  calcu¬ 
late  the  transmission  characteristics  of  microstrip  lines  fab¬ 
ricated  with  layers  of  semiconducting  ferrite  and  relaxor 
dielectrics. 

The  results  were  compared  with  published  data  and  with 
experimental  measurements.  The  published  data  for  MIS  lines 
was  slightly  different  from  the  values  calculated  with  our 
model.  The  difference  can  be  explained  by  the  mathematical 
treatment  of  the  equation  and  the  approximations  involved. 
The  experimental  results  for  metal-semiconductor-relaxor 
lines  showed  that  the  model  predicts  the  behavior  accurately 
for  frequencies  up  to  the  low  gigahertz  range.  Above  this 
range,  the  approximations  used  to  obtain  the  solutions  fail. 


The  results  also  showed  that  depending  on  three  parameters; 
the  conductivity  of  the  semiconductor,  the  thickness  ratio, 
and  the  difference  in  the  peniiittivity-permability  product,  the 
frequency  response  can  be  tailored  in  a  way  that  low-pass 
filters  and  delay  lines  of  very  small  size  can  be  fabricated 
witli  materials  that  arc  compatible  with  packaging  technology. 
As  this  investigation  proceeds,  tables  of  suitable  materials  and 
their  application  arc  being  produced.  This  will  be  the  topic  of 
a  future  publication. 
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1.  INTRODUCTION 

Multilayer  ceramic  interconnects  can  provide  some  of  the  highest 
packaging  densities  possible  for  high  performance  digital  systems.  Multifunction 
multilayer  ceramic  packages  have  been  investigated  as  a  method  of  providing 
both  high  speed  performance  and  high  circuit  density.  [1,2, 3]  In  order  to  improve 
performance,  recent  materials  research  has  focused  on  the  integration  of 
decoupling  capacitors  in  high  dielectric  constant  layers  that  can  be  low 
temperature  cofired  with  the  interconnect  layers.[l] 

As  electronic  system  interaction  becomes  common,  two  parameters  become 
more  important,  overvoltage  protection  and  electromagnetic  noise  (EMI) 
suppression.  To  address  the  first  point,  we  now  report  on  the  cofired  integration 
of  a  zinc  oxide  based  varistor  with  a  low  fire  multilayer  capacitor  system. 

The  EMI  problems  are  often  solved  by  the  use  of  low  pass  filters.  By 
incorporating  semiconducting  ferrite  layers  with  relaxor  ferroelectric  capacitor 
layers,  we  have  been  able  to  model  and  make  multilayer  metal-semiconductor- 
relaxor  microstrip  lines  in  a  packaging  amenable  configuration.  These 
microstrip  lines  can  function  as  1  GHz  low  pass  filters  for  EMI  protection. 

Both  the  overvoltage  layers  and  the  filter  layers  would  typically  be  placed 
in  the  lower  layers  of  a  multilayer  package,  near  the  input-output  pins.  This 
would  allow  fabrication  by  cofire,  tape  transfer  or  thick  film  techniques.  The 
proximity  to  the  I/O  pins  also  prevents  the  interfering  electrical  signals  from 
getting  near  to  the  signal  layers  of  the  package. 

Relaxor  ferroelectrics  were  selected  over  barium  titanate  as  the  dielectric 
material  of  choice  for  both  applications  [4].  In  the  overvoltage  application,  the 


PMN  based  materials  can  have  their  firing  temperature  modified  to  match  ZnO. 
For  the  filter  needs,  the  microwave  relaxation  properties  enhanced  the  device 
performance. 


2.  OVERVOLTAGE  PROTECTION 

Layers  of  tape  cast  PMN  based  relaxor  ferroelectric  were  cofired  with 
layers  of  conventional  Bi  doped  ZnO.  The  tape  casting  and  firing  methods  were 
the  same  as  those  described  by  Megheri  et.al.[l].  There  are  two  key  enabling 
technologies:  (1)  the  Columbite  precursor  method  for  preparing  fine  particle 
size  phase  pure  perovskite  powder[5],  (2)  the  addition  if  LiNOs  as  a  sintering  aid 

to  lower  the  sintering  temperature  below  1000°C. 

The  chemical  reactions  involved  in  the  precursor  method  are: 

MgO  +Nb205  - ^  MgNb206  columbite 

93  Mgi/3Nb2/302  +.07TiO2  +  PbO  - >  PMN-7  PT  perovskite 

The  flow  chart  for  the  relaxor  preparation  is: 

1.  Batch  Materials  (  MgO  and  Nb205  ) 

2.  Mill  in  Ethyl  Alcohol  (  24  hours  ) 

3.  Pan  Dry  (  100°C,  24  hours  ) 

4.  Calcine  (1100®C,  4  hours  )  XRD  to  insure  phase  purity 

5.  Batch  Rest  of  Materials  (  PbO  and  Ti02  ) 

6.  Mill  in  Ethyl  Alcohol  (  24  hours  ) 

7.  Dry  and  Calcine  ((100®C  ,  24  hours  )  ,  (  700‘’C  ,  4  hours  )) 

8.  XRD  to  insure  phase  pure  Lead  Magnesium  Niobate-Lead 
Titanate  (  PMN-PT  ) 

9.  Four  wt.  percent  LiNOs  added  as  a  sintering  aid 

A  pair  of  tape  cast  layers  of  ZnO  were  sandwiched  in  a  symmetric  structure 
between  a  pair  of  PMN-PT  layers  on  top  and  bottom.  (Figure  la)  .  The  buried 
electrodes  were  70  %  Pd  -  30%  Ag;  the  structure  was  cofired  in  air  at  950°C  for 

one  hour. 


Figure  1,  (a)  Varistor  structure  and  (b)  graph  of  electrical  data. 

3.  INTEGRATED  FILTER 

Low  pass  filters  can  be  built  into  a  package  by  controlling  the  wave 
propagation  in  metal-semiconductor-relaxor  microstrip  lines.  The 
microstrip  line  structure  is  selected  because  it  is  a  naturally  occurring 
structure  in  packages.  Figure  3  shows  the  placement  of  the  microstrip  line 
in  the  package  and  the  details  of  the  structure. 

The  transmission  characteristics  of  the  multilayer  ferrite-high-K 
microstrip  lines  have  been  calculated  by  means  of  the  parallel-plate 
waveguide  approximation.  The  detailed  mathematics  of  the  modeling  of 
the  transmission  characteristics  of  metal-semiconductor-relaxor  microstrip 
lines  are  given  in  Fiallo  1993  [6]  and  Fiallo  et.  al.[7];  a  summary  is  given 
below. 

The  solution  of  the  complex  propagation  constant  and  the 
characteristic  impedance  for  the  parallel-plate  waveguide  equivalent 
requires  the  solution  of  the  wave  equation  for  a  non-TEM  mode.  In  fact, 
the  solution  can  be  obtained  by  using  the  techniques  for  solving  surface- 
wave  modes,  i.e.,  LSE,  LSM  modes.  The  LSE  mode  or  TM  to  y  mode  has 
been  solved  in  this  case.  The  solutions  for  these  types  of  modes  can  be 
found  elsewhere  in  the  literature[8,9].  The  solution  starts  with  the 
eigenvalue  characteristic  equations  for  each  layer,  which  are  given  by: 


Figure  3  (a)  Placement  of  the  multilayer  filter  in  the  package,  (b)  the 
region  treated  as  a  multilayer  microstrip  line.  Notice  the  layer 
thicknesses,  identification,  and  axes  orientation.  E*  and  p.*  are  the 
complex  relative  permittivity  and  permeability  respectively. 


Y?,+ 7?  =  -  “^£0  el  M-I  (1) 

fyt  +  ii  =  -^^oV-o^\h  (2) 

%  tanh  (Yy.hi)  +  %  tanh  (Yy^hj)  =  0 

£l  £2  (  3  ) 

where  eq.  3  is  the  continuity  condition  at  the  interface  and  Yyj  is  the  i-th 
propagation  constant  in  the  y  direction  for  the  TM-y  mode,  Yz  is  the 


complex  propagation  constant  in  the  z  direction.  ej*  and  {Xj*  are  the 
frequency  dependent  complex  permittivity  and  permeability  of  the  i-th 
layer  respectively.  The  axis  orientation  is  shown  in  figure  3. 

Equations  1  and  2  can  be  reduced  to  an  eigenvalue  equation  for  Yyj 
the  equation  to  solve  is: 

2  2  2  ♦  ♦  ♦  * 

Tyl-Yy2+“Eo^lo(£l^ll-e2M2)  =  0  (4) 

The  last  term  of  the  left  hand  side  of  this  equation  represents  the 
propagation  constant  of  the  structure.  It  can  be  seen  that  the  propagation 
constant  is  not  a  function  of  the  geometry  of  the  sample[10].  It  depends 
on  the  dielectromagnetic  properties  of  the  layer  materials.  The  relaxation 
behavior  of  the  dielectric  permittivity  and  permeability  have  been  taken 
into  account  by  using  Cole-Cole  and  Maxwell-Wagner  relaxation  models 
derived  from  experimental  measurements  of  the  permittivity  and 

permeability. 

The  solutions  for  the  propagation  constant  Yz  found  by  solving 
equations  3  and  4  simultaneously  for  each  frequency.  Although  it  is 
possible  to  find  a  complete  solution  for  this  system,  the  procedure  is  time 
consuming  and  sometimes  does  not  always  converge  to  a  solution.  Instead, 
some  meaningful  approximations  are  possible  based  on  the  analysis  the 

dielectromagnetic  spectra  of  the  permeability-permittivity  product 
difference  of  a  pair  of  materials.  Figure  4  shows  the  permeability- 

permittivity  product  difference  for  a  multilayer  microstrip  line  made  with 
layers  of  nickel  zinc  ferrite  (Nio.6Zno.4Fe204)  and  high  permittivity  lead 
magnesium  niobate  (Pb  Mg  1/3  Nb2/3  O3).  Notice  that  the  imaginary  part 
has  been  plotted  as  a  loss  tangent  divided  by  the  wavelength  in  the 

material.  The  wavelength  is  taken  into  account  by  using  the  loss  per  unit 
length  which  is  closer  to  the  units  of  the  attenuation  in  the  propagation 
constant. 

The  spectrum  shows  three  distinctive  regions  .  Region  I  where  the 
ferrite  acts  as  a  lossy  electrode  and  the  wave  propagates  in  the  dielectric. 
Region  I  is  the  passband  for  the  filter.  Region  II  is  dominated  by  the 
relaxation  spectra  of  the  materials;  the  wave  propagates  with  loss  in  both 
materials  creating  a  band  edge  for  the  filter.  Region  III  is  beyond  the 


relaxation  frequency  of  the  relaxor  ferroelectric;  the  wave  propagates  with 
very  high  losses  in  the  ferrite  layer.  This  is  the  cutoff  region  of  the  filter. 


10^  1  0^  10®  1  ® 


Figure  4  Real  part  and  loss  tangent  per  unit  wavelength  of  the 

permittivity-permeability  product  difference  for  a  metal- 
semiconductor-relaxor  microstrip  line  made  of  layers  of 
Pb(Mgi/3Nb2/3)03  and  Nio.6Zno.4Fe204. 

From  these  results  we  see  that  the  ferrite  material  defines  the  cutoff 
frequency  or  bandwidth  region  of  the  filter,  while  i  s  relaxor  material 
defines  the  frequency  sensitivity  of  the  imaginary  part  of  propagation 
constant,  i.e.,  the  characteristic  impedance,  and  the  harmonic  distortion. 

4 .  EXPERIMENTAL  DATA 

Samples  of  the  structure  of  interest  were  prepared  by  gluing 
together  layers  of  nickel  zinc  ferrite  (Nio.6Zno.4Fe204),  and  lead  magnesium 
niobate  (PbMgi/3Nb2/303)  relaxor  ferroelectric.  The  layers  were  tape  cast 
and  sintered  using  the  same  methods  as  for  the  overvoltage  protection 


multilayers.  The  adhesive  was  either  epoxy  resin  or  air  dry  silver  paste. 
The  dielectromagnetic  characteristics  and  the  thicknesses  used  as  input  for 
the  model  are  given  in  the  figure  caption. 


Figure  5.  Experimental  and  measured  values  of  attenuation  (given  in  dB/mm) 
for  a  Nio.6  Zno.4  Fe2  04  and  Pb  Mgi/3  Nb2/3  O3  sample  with  dimensions: 
hl=100  mm,  h2  =  500  mm,  w  =  ICKX)  mm.  The  following  values  were  kept 
constant  for  both  the  samples  and  the  simulations:  e1(0)=9532.3;  e1(oo)  = 
1029.3;  e2(0)  =  263.1;  e2(oo)  =  15.96;  ci  =  0.01  x  10-7  Q-m)-l;  02  =  246.00 
X  10-7  (O-m)-l;  tl  =  8.162  10-10;  t2  =  1.59  xlO-8;  ml(0)  =  1;  ml(oo)  =  1  ; 
m2(0)  =  985.00  ;  m2(oo)  =  5.78  ;  tml  =  10-12;  tm2  =1.591  xlO-9. 

It  can  be  seen  that  the  calculated  and  experimental  values  are  below  10% 
in  the  high  frequency  region  but  larger  than  20%  at  low  frequencies.  The 
large  error  in  the  low  frequency  side  is  probably  due  to  the  fabrication 
method  which  creates  a  layer(epoxy)  that  was  not  accounted  for  in  the 
calculations.  In  any  case,  it  is  important  to  notice  that  the  shape  of  the 
low-pass  filter  characteristic  is  very  similar  in  the  two  traces.  The  data 
suggest  that  the  model  gives  results  that  are  reasonably  accurate 
especially  if  we  consider  that  some  attenuation  factors  have  not  been 
taken  into  account,  i.e.,  conductor  losses,  and  radiation  losses.  The  results 
demonstrate  that  these  lines  can  be  used  as  very  small  size  delay  lines  and 


low-pass  filters  that  can  be  tuned  by  adjusting  the  layer  thickness  ratio, 
the  resistivity  of  the  semiconductor  layer,  and  the  difference  between  the 
permittivity-permeability  product  of  each  layer. 
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ABSTRACT 

Electrorheological  (ER)  fluids  based  on  a  silicone  oil  matrix  with  a  high 
dielectnc  constant  particulate  component,  BaTi03,  were  evaluated.  Particle  size 
effects  were  examined  with  a  commercial  BaTiOs  (0.35pm  in  size)  and  a 
hydrothermally  prepared  BaTiOs  powder  with  an  average  particle  size  of 
0^7pm.  The  commercial  powder  exhibited  an  ER  response  to  DC  fields,  but 
atove  a  critical  field  strength  rheological  properties  dropped  off  drastically  The 
relative  magnitude  of  yield  stresses,  at  field  levels  below  the  critical  field 
str^gA,  are  comparable  with  current  literature  values.  Hydrothermally  prepared 
BaTiOa  powder  exhibited  minimal  ER  response  to  applied  DC  fields. 

Optical  microscope  studies  of  dilute  suspensions  (~l-2  volume  percent)  were 
us^  to  correlate  fibril  formation  with  ER  measurements.  Under  applied  DC 
fields,  turbulent  flow  dominated  above  6.25kV/cm  and  ER  properties 
diminished.  Increased  frequency  led  to  an  increase  in  the  degree  of  fibril 
formation  with  a  maximum  level  occurring  around  60Hz. 

In  response  to  AC  fields,  both  types  of  BaTiOs  powders  showed  a  strong 
frequency  dependence.  Maximum  shear  stress  for  a  given  field  strength  resulted 
at  about  60Hz.  Optical  microscopy  showed  an  increase  in  fibril  formation  with 
increased  AC  field  strength  (60Hz).  Turbulent  flow  did  not  appear  with 
increased  AC  field  (60Hz)  at  all  field  strengths  evaluated  (^OkV/cm).  All 
suspensions  exhibited  a  linear  relationship  between  yield  stress  and  the  square  of 
applied  electric  field,  which  is  characteristic  of  dipole-dipole  interactions. 


*  Current  Address:  Loral  Vought  Systems,  Dallas,  TX 
**  Current  Address:  Materials  Science  and  Engineering,  University  of  Florida 
Gainesville,  FL 
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1.0  INTRODUCTION 

ER  fluids  have  long  been  of  interest  to  the  automotive  industry  especially  for 
potential  applications  as  fluid  clutches  and  engine  mounts*  A  At  present,  however, 
ER  fluids  are  limited  by  insufficient  yield  stresses,  suspension  stability, 
reproducibility  as  a  function  of  time  and  temperature,  and  power  consumption 
considerations.  In  a  recent  theoretical  paper,  Davis  pointed  out  that  high  dielectric 
constant  particles  may  be  a  solution  to  some  of  these  limitations^.  Previous 
theoretical  models  for  ER  fluids  are  based  on  dipole-dipole  electrostatic  theory  in 
which  the  attractive  force  between  adjacent  particles,  subjected  to  an  electric  field,  is 
given  by*"**: 

24a6£oE^  Kf(Kp-Kf)2 

F  =  -  -  (1) 

r4  (Kp+2Kf)2 

where,  a  =  equivalent  particle  radius  (m) 

r  =  particle  separation  distance  (m) 

Co  =  permittivity  of  free  space 
E  =  electric  field  (V/m) 

Kf  =  dielectric  constant  of  matrix  phase 

Kp  =  dielectric  constant  of  suspended  particulates 

This  model  explains  the  relationship  between  yield  stress  and  E2,  but  more  recent 

work  shows  that  the  dependence  of  yield  stress  (Xy)  on  dielectric  constant 
differences  between  the  particle  and  fluid  components  are  not  following  equation 
(1)7,12,13. 

Based  on  these  observations,  the  design  of  new  ER  fluids  with  high  dielectric 
constant  particles  warrants  further  investigation.  This  study  characterizes  fibril 
formation  and  yield  stress  behavior  of  an  ER  fluid  containing  BaTi03  particles  in 
silicone  oil.  BaTi03  was  chosen  for  its  high  dielecuic  constant,  and  silicone  oil 
was  used  because  of  its  high  electrical  breakdown  strength.  Dynamic  yield  stress 
values  were  determined  by  extrapolation  of  shear  stress  to  zero  shear  rate  with 
constant  applied  field.  The  relative  magnitude  of  yield  stress  for  BaTi03  systems  is 
shown  to  be  higher  than  that  predicted  by  dipole-dipole  theory  *2. 

2.0  EXPERIMENTAL  PROCEDURES 

2. 1  Electrorheological  (ER)  Measurements 

The  two  BaTi03  materials  evaluated  differed  in  preparation  technique  and  particle 
size.  One  system  is  a  coprecipitated,  calcined  BaTiOy^  with  a  mean  particle  size  of 


t  Grade  HPB,  TAM  Ceramics,  Niagara  Falls,  NY 
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0.35^m.  The  other  BaTiOs  powder  was  produced  by  hydrothermal  synthesis 
(designated  as  BTH8)  and  possessed  a  mean  particle  size  of  700A  .  Solid 
loadings,  in  silicone  oil**^,  for  the  two  systems  were  established  from  zero  Held 
limitations  of  the  viscometer.  The  useful  solid  loadings  for  the  commercial  powder 
and  BTH8  were  determined  to  be  27  and  12.5  volume  percent,  respectively. 

ER  measurements  were  performed  in  a  modified  cornmercial  viscometert  on 
suspensions  consisting  of  BaTiOs  powder  and  silicone  oil 
loadings  The  magnitude  and  frequency  of  the  applied  electnc  field  was  controlled 

with  a  power  supply^  and  an  AC  signal  generator*.  Shear  rates  were  vaned  from 
93-4  65sec''.  DC  field  response  and  upper  field  limitations  were  measured  at 
various  loadings  for  two  different  powders.  AC  field  response  was  determined  up 
to  18  75kV/cm  and  frequencies  ranging  from  lOHz-lkHz  for  the  same  suspensions 
evaluated  under  DC  conditions.  An  operating  frequency  of  60Hz  was  determined 
optimum  for  both  particle  sizes  examined,  and  was  used  in  all  AC  measurements. 

2.2  Optical  Microscopy  Observations 

Fibril  formation  under  applied  DC  and  AC  fields  was  observed  optical 

microscope.  Suspensions  were  diluted  to  1-2  volume  percent  solids  and  oaded  in  a 
sample  cell.  The  sample  cell  was  connected  to  the  same  power  supply  and  AL 

sicnal  Generator  used  for  ER  measurements.  . 

After  loading  a  suspension  into  the  sample  cell,  a  pre-selected  field  was  applied, 
and  resDonse  of  the  suspension  was  observed  with  a  microscope.  The  response 
was  mSfred  on  a  video  recorder  for  later  viewing.  Fibril  formation  was 
observed  under  both  DC  and  AC  fields  as  a  function  of  frequency. 

3.0  Results  and  Discussion 

3.1  ER  Measurements 

3.1.1  Zero  Field  Viscosity 

Figure  1  is  a  plot  of  shear  stress  (Pa)  as  a  function  of  shear  rate  (secjl)  for  TAM 
HPB/silicone  oil  suspensions  at  various  solids  loadings.  These  data  show  a  steady 
increase  in  zero  field  viscosity  with  increased  solids  loading  at  all  shear  rates.  Pure 
silicone  oil  (50mPa-sec)  and  the  10  volume  percent  TAM  HPB  suspension  display 
results  characteristic  of  Newtonian  fluids  with 


**>  SF  96/50  Thomas  Scientific 
+  Brookfield  Engineering  Labs,  Inc.,  Stoughton,  MA 
°  TREK,  Model  620A,  Medina,  NY 

±  Racal-Dana,  High  Voltage  Sweep  Generator  -  F47.  Anaheim.  CA 
0  Zeiss  Axioskop,  Thomwood,  NY 


144 


D.  V.  MILLER,  ct  al. 


Figure  1  -  Shear  stress  as  a  function  of  shear  rate  for  TAM  HPB/silicone  oil 
suspensions. 


Figure  2  -  Shear  stress  as  a  function  of  shear  rate  for  BTH8/silicone  oil 
suspensions. 
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constant  viscosity  as  a  function  of  shear  rate.  In  contrast,  suspensions  with  solids 
loadings  >15  volume  percent  exhibited  Bingham  behavior  with  a  finite  yield  stress 

(Xv)  and  shear  thinning  behavior.  ■  u 

Figure  2  shows  viscosity  as  a  function  of  shear  stress  (Pa)  for  silicone  ml  with 
10  and  12.5  volume  percent  BTH8.  These  data  demonstrate  that  at  toh  solid 
loadings  there  is  a  large  zero  field  viscosity.  This  is  expected  because  BTH8  has  a 
much  higher  surface  area  than  TAM  HPB  and  agglomeration  is  high  at  low  so  ids 
loadings.  The  curves  show  that  BTH8/silicone  oil  suspensions  at  these  solids 
loadings  possess  Bingham  behavior.  BTH8/silicone  oil  suspensions  up  to  12.5 
volume  percent  solids  were  examined.  Above  this  loading  level,  the  zero  field 
viscosity  was  too  high  to  measure  rheological  behavior. 

3.1.2  ER  Response  with  DC  Fields 


Figure  3  shows  a  linear  relationship  between  Xy  and  the  square  of  applied  D(2 
field  (V/cm)  at  solids  loadings  from  10  to  25  volume  percent  All  TAM 
HPB/silicone  oil  suspensions  demonstrated  a  well  defined  ER  effect,  but  a  limit  tor 
the  applied  DC  field  was  observed  (6.25kV/cm).  Above  this  limit  there  was  a  rapid 
decrease  in  viscosity  back  to  the  zero  field  level.  Suspensions  prepared  from  the 
hydrothermally  prepared  powder  (BTH8)  exhibited  a  weak  ER  effect  with  appu^d 
DC  field,  and  the  viscosity  decreased  rapidly  at  field  strengths  above  4kV/cm.  The 
underlying  reasons  for  this  limiting  field  behavior  will  be  discussed  in  detail  with 
respect  to  the  optical  microscopy  observations. 


3. 1 .3  ER  Response  as  a  Function  of  Applied  Field  Frequency 

Figure  4  shows  a  typical  frequency  response  of  TAM  HPB  and  BTH8 
suspensions  in  silicone  oil  (k=2.8).  Frequencies  were  varied  from  lOHz-lkHz  to 
establish  an  optimal  frequency  for  all  solids  loadings.  Optimum  frequency  vaned 
from  20-lOOHz,  depending  on  the  powder  utilized  and  operating  field.  With  an 
operating  frequency  greater  than  the  optimum  frequency,  it  was  dufreult  to  create 
Srem  fibrils  beiween  the  electrodes.  With  low  frequency  AC  fields,  results 
similar  to  applied  DC  fields  were  obtained  and  a  maximum  applied  field  strength 
observed.  From  these  data  it  was  determined  that  60Hz  should  be  used  in  all  AC 
measurements,  because  maximum  viscosity  levels  ww  observed  around  this 
frequency  for  all  suspensions.  Prior  work  on  BaTiOs  suspensions  showed 
frequency  dependent  ER  response  in  solvents  with  high  dielectric  constant  (k  12) 
and  high  conductivity' 2.  Apparent  yield  stress  increased  with  increasing 
frequency,  and  reached  a  maximum  above  10^  Hz. 
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Figure  3  -  Yield  stress  as  a  function  of  the  square  of  applied  DC  field  for  TAM 
HPB/  silicone  oil  suspensions 


(a) 


(b) 


Figure 4 -  V|;cos 


BTH8. 
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3. 1 .4  ER  Response  with  Applied  AC  Field  (60  Hz) 

Yield  stress  plotted  as  a  function  of  (figure  5)  reveals  the  linear  relationship 
typical  of  ER  fluids.  The  relative  magnitude  of  yield  stress  measured  here  is  in 
good  agreement  with  previous  work  on  BaTiOa/dodecane  ER  fluids  evaluated  at 
400Hz'2.  The  yield  stresses  are  greater  than  those  predicted  by  equation  (1),  but 
less  than  the  finite  element  model  developed  by  Davis^.  Reasons  for  these 
disparities  are  not  fully  understood  at  this  dme. 

3.1.5  Particle  Size  Effects 

Figure  6  shows  the  AC  response  for  BTH8/silicone  oil  suspensions  at  two 
different  solid  loadings.  These  results  show  a  trend  similar  to  the  commercial 
powder  suspensions  of  equal  solid  loadings,  but  yield  stress  magnitudes  are  not  as 
great.  These  results  follow  dipole-dipole  theory  predictions  that  a  decreased  particle 
size  will  result  in  a  reduced  yield  stress.  This  indicates  that  nanosized  prides  are 
not  of  any  particular  advantage  for  enhancing  ER  properties  such  as  yield  stress. 
Thus,  even  though  nanosized  particles  may  be  beneficial  to  hinder  partide  settling, 
if  well  dispersed,  they  do  not  lead  to  enhanced  ER  properties  in  the  BaTiOysiliconc 
oil  system. 


Figure  5  -  Yield  stress  as  a  function  of  the  square  of  applied  AC  field  (60  Hz) 
for  TAM  HPB/silicone  oil  suspensions. 
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Figure  6  -  Yield  stress  as  a  function  of  the  square  of  applied  AC  field  (60  Hz) 
for  BTH8/silicone  oil  suspensions. 

3.1.6  Field  Effects  on  Fibril  Formation 

Optical  microscopy  observations  were  consistent  with  the  ER  measurements.  At 
1-2  volume  percent  loadings  it  was  possible  to  view  particles  in  suspension  and 
observe  the  changes  with  field.  It  has  been  shown  that  solid  loading,  in  the 
BaTi03/silicone  oil  system,  docs  not  affect  the  optimum  frequency* 5.  This 
supports  the  contention  that  results  from  these  direct  observations  correspond 
qualitadvely  with  rheological  measurements. 

With  zero  applied  field,  a  random  distribution  of  particles  existed  with  no 
alignment  between  electrodes.  Increasing  the  applied  DC  field,  led  to  an  increase  in 
the  number  and  size  of  fibrils  formed  between  the  electrodes  (figure  7).  When  the 
applied  field  exceeded  6.25kV/cm,  turbulent  flow  of  particles  in  the  suspension  was 
observed  (figure  8).  The  reason  for  the  observed  turbulent  motion  is  not  fully 
understood.  Possibilities  include  thermal  overturn,  and  competition  between 
electrophoretic  motion  and  electrically  induced  forces  between  adjacent  particles. 

When  an  AC  field  (60Hz)  was  applied  to  the  low  volume  loaded  suspensions, 
fibrils  formed  a  network  between  the  electrodes.  No  particle  motion  between  the 
electrodes  was  observed  as  with  applied  DC  fields.  The  fibrils  persisted  at  all  AC 
fields  examined  (^OKV/cm).  The  fibril  networks  tend  to  coarsen  at  high  fields, 
and  this  explains  why  the  viscosity  increased  continuously. 
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Figure  7  -  Optical  microscope  picture  of  a  TAM  HPB/silicone  oil  suspension 
with  a  5kV/cm  applied  DC  field. 

Removal  of  the  electric  field  released  the  fibrils  from  the  electrodes  and  the 
chains  slowly  dispersed.  Agglomerates  remained  behind  when  the  field  was 
removed,  thus,  increasing  the  zero  field  viscosity  by  increasing  the  number  of 
particle-particle  contacts.  Zero  field  viscosity  returned  to  the  original  value  as  the 
agglomerated  fibril  chains  dispersed  in  solution. 

Varying  the  frequency  of  the  applied  AC  field  led  to  noticeable  changes  in  fibril 
formatioii.  At  lOkV/cm  and  low  frequencies  (<10Hz),  the  suspension  behaved  in  a 
manner  similar  to  the  DC  field  behavior  (figure  8),  and  turbulent  flow  prevailed  at 
high  field  strengths.  At  frequencies  ranging  from  20-70Hz,  fibrils  formed  easily 
and  were  prevalent  with  increased  fields.  At  high  frequencies  (^lOOHz),  fibrils 
were  present  but  were  not  as  well  assembled  as  those  produced  at  60Hz. 

4.0  CONCLUSIONS 

BaTiOs  makes  a  potentially  useful  component  to  ER  fluids.  Yield  stresses  were 
measured  under  both  DC  and  AC  field  conditions,  typically  showing  an 
dependence  on  field  strength.  The  maximum  yield  stresses  were  found  to  be  a 
function  of  the  applied  fr^uency  -  with  the  optimum  effect  near  60Hz  for  BaTiOs 
in  silicone  oil.  Particle  size  played  an  important  role  in  the  observed  properties, 
^creased  particle  size  resulted  in  a  reduced  ER  effect.  The  effect  of  particle  size  oii 
ER  properties  follows  the  trend  predicted  from  dipole-dipole  theory. 
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Optical  microscopy  results  correlated  fibril  formation  and  ER  measurements.  At 
high  field  strengths  (>6.25kV/cm),  DC  or  low  AC  bias  (<10Hz),  turbulent  flow 
upset  fibril  formation  and  reduced  the  associated  ER  properties.  Fibrils  created 
under  an  applied  AC  field  (60Hz)  did  not  experience  turbulent  flow  (<20kV/cm). 


Figure  8  -  Optical  microscope  picture  of  a  TAM  HPB/silicone  oil  suspension 
with  a  lOkV/cm  applied  DC  field. 
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Abstract-The  large  E-  field  induced  strains  and  electromechanical 
coupling  in  PMN-based  relaxors  have  been  utilized  in  actuator  and 
transducer  applications.  The  effect  of  La^'*'  modifications  on  the  field- 
dependent  dielectric  and  piezoelectric  properties  was  investigated  for 
several  (l-x)PMN-(x)PT  compositions  with  transition  regions  near 
room  temperature.  The  effect  of  La^"*"  modifications,  increasing  the 
width  of  the  micro-macro  polar  transition  range  (AT),  defined  as  the 
difference  between  the  temperature  of  maximum  permittivity  (Tmax) 
and  the  depolarization  temperatureffd),  results  in  a  broader 
temperature  range  for  obtaining  large  induced  electromechanical 
coupling  factors  with  negligible  hysteresis. 


INTRODUCTION 

Electrostrictive  materials  have  been  extensively  investigated  for 
actuator  applications.  [1]  There  has  been  recent  interest  in  utilizing  the 
field-indued  piezoelectric  effect  in  electrostrictive  materials  for 
transducer  applications  such  as  biomedical  imaging.  [2]  Several 
families  of  perovskite-based  electrostrictors  have  been  investigated  as 
potential  candidates  for  high  frequency  transducer  applications.  [3] 

One  of  the  advantages  of  using  certain  classes  of 
electrostrictors.  such  as  relaxors.  is  the  anhysteretic  strain-field 
response.  This  behavior  is  observed  in  normal  ferroelectrics  at 
temperatures  greater  than  T^  or  in  relaxors  at  greater  than  the 
depolarization  temperature.  Tj.  The  breadth  of  the  micro-macro 
transition  region  (AT),  the  difference  between  the  temperatures  of 
dielectric  maxima  (T„^  and  depolarization  (Tj).  indicates  a  much 
broader  operating  temperature  range  for  potential  devices. 
Additionally,  the  field  dependence  of  the  dielectric,  piezoelectric  ^d 
elastic  properties  allows  the  tuning  of  the  electromechanical  coupling 
kjj  and  mechanical  Q.  Also,  the  induced  electromechanical  coupling 
vanishes  upon  removal  of  the  electric  field,  reducing  spurious  noise, 
which  is  important  in  several  transducer  applications. 

The  primary  criteria,  to  induce  a  large  piezoelectric  effect,  can 
be  achieved  by  selecting  materials  in  which  a  large  polarization  can  be 
produced  by  the  application  of  an  external  electric  field.  The 
piezoelectric  charge  coefficient  djji^  is  defined  as  follows; 

^ijk  “  ^  ^oQijmn  ^n  (EQD-  1) 

where  X^.Qijmn.  “"e  the  dielectric  susceptibUity. 

electrostrictive  coefficient  and  total  polarization,  respectively.  Other 
desirable  performance  criteria  for  selecting  materials  for  transducer 
applications  include  reproducible  piezoelectric  coefficients,  low  losses, 
rapid  response  time  and  a  wide  operating  temperature  range. 

The  relaxor  ferroelectric  lead  magnesium  niobate-lead  titanate 
(l-x)Pb(Mg,/3Nb2/3)03-(x)PbTi03  (PMN-PT)  is  interesting  due  to 
the  large  polarizations  and  maximum  permittivities,  broad  anomaly  in 
the  dielectric  response,  and  anhysteretic  strain-electric  field  behavior 
available  over  a  broad  range  of  temperatures  reported. 

The  effects  of  La203  and  PbTi03  modifications  on  the 
dielectric  properties  have  been  previously  reported.  [4.5.6]  The 
temperature  of  the  dielectric  maxima.  Tm^uc.  was  reduced 
approximately  25®C/atom%  U.  The  micro-  to  macro-polar  transition 
region.  AT.  was  observed  to  increase  with  increasing  La^*  additions. 
The  permittivity  was  also  reduced.  These  effects  were  thought  to  be 
related  to  an  increase  in  non-stoichiometric  ordering  of  Mg  and  Nb 
cations.  [4.5] 


Additions  of  PT  resulted  in  a  gradual  disappearance  of  non- 
stoichiometric  cation  ordering  near  the  morphotropic  phase  boundary 
(MPB).[6]  The  sharpness  of  the  dielectric  anomaly,  transition 
temperature  Tp^  and  depolarization  temperature  T^  increase  with 
increasing  PT  content.  The  maximum  dielectric  permittivity 
observed  to  increase  with  increasing  PT  content  up  to  viues  of 
x~0. 30-0.33.  achieving  levels  >30.000  (@  1  kHz). [7]  The  maximum 
dielectric  loss  is  -0.10  at  1  kHz  and  decreases  rapidly  to  values  < 
0.01  at  temperatures  >Tn^.  AT  were  observed  to  decrease  with 
increasing  PT  content,  exhibiting  a  sharp  dielectric  transition  for  values 
of  x>0.33  and  indicating  a  change  in  the  relaxor  nature  with  increasing 
additions  of  a  normal  ferroelectric. 

In  this  study,  several  compositions  in  each  of  the  families  were 
processed.  The  field  dependent  dielectric,  piezoelectric  and  elastic 
properties  were  evaluated  at  frequencies  between  100  kHz  and  5  MHz 
and  at  temperatures  in  the  various  polarization  regimes  of  interest. 

EXPERIMENTAL 

(l-x)PMN-(x)PT  powders  with  0  and  1  atom%  La 
modifications  were  prepared  using  reagent  grade  oxides.  The 
columbite  precursor  method  was  utilized  to  maximize  pyrochlore 
formation.^  Batches  were  formulated  and  mixed  using  vibratory 
milling  using  deionized  HjO  and  ammonium  polyelectrolyte 
dispersant.  After  drying,  powders  were  crushed,  using  mortar  and 
pestle,  and  calcined  for  4  hours  at  700'’C.  X-ray  diffiaction  analysis 
was  used  to  ensure  proper  phase  formation.  Pyrochlore  content 
measured  using  XRD  was  less  than  3%.  To  break  up  aggregates  and 
reduce  particle  size,  compositions  were  milled  overnight  in  deionized 
H2O  with  dispersant  and  dried.  3  wt%  acrylic  binder  (Rohm  and  Haas 
Acryloid  B-7)  was  added  and  powder  was  sieved  -80  mesh  prior  to 
uniaxial  pressing.  Disks  with  1.27  and  2.54  cm  diameters  were 
pressed  at  150  MPa.  Binder  was  removed  by  heating  at  3'’C/min.  to 
300'’C  and  5°C/min.  to  550°C. 

Disks  were  sintered  on  Pt  foil  in  high  density  AI2O3  crucibles 
for  2  hours  at  1150-1200  ”0  using  a  PbZr03  source  powder  for 
controlling  PbO  volatility.  Weight  loss  and  geometric  densities  were 
calculated.  Specimens  were  precision  lapped  to  0.5  mm  thickness  to 
produce  a  dilatational  thickness  mode  resonance  -4.5-5  MHz. 

Dielectric  property  measurements  included  characterization  of 
the  field  and  temperature  dependence  of  the  relative  dielectric 
permittivity  and  dielectric  loss,  performed  over  the  frequency  range 
from  0.1  kHz  to  100  kHz  using  capacitance  bridges  (HP  4274  and 
4275)  and  from  1  to  >5  MHz  using  complex  impedance  data  obtained 
from  an  impedance  analyzer  (HP3577A).  Additionally,  the 
polarization  versus  electric  field  behavior  was  exarmned  luid  compared 
between  families,  using  P  vs.  E  measurements  at  several  temperatures 
performed  using  a  Sawyer-Tower  circuit.  Measurements  of  the 
pyroelectric  current  as  a  function  of  temperature  was  performed  using 
the  static  Byer-Roundy  technique  to  determine  the  pyroelectric 
coefficient,  remanent  polarization  levels  and  effects  of  external  electric 
fields  on  the  depolarization  temperature  Tj  in  relaxor  and  normal 
ferroelectrics. 

High  frequency  field-induced  electromechanical  coupling 
factor  were  obtained  from  measurements  of  the  series  (fj)  and  parallel 
(fp)  resonances,  performed  using  a  HP3577A  network  analyzer  with 
Iff 3  5677 A  S-parameter  test  set  configured  for  a  one-port  input 
reflection  technique.  Typical  applied  d.c.  bias  levels  used  for  the 
measurements  were  between  1  and  15  kV/cm.  The  radial  coupling 


factor  kp  was  calculated  using  a  polynomial  curve  fitting 
equation.flS].  The  dilatational  thickness  mode  coupling  factor  k,  was 
ciculated  using  the  following  equation:  [18] 

1,2  =  f:  i.  tan  -  ~  (Eqn.  2) 

2  f,  2  f, 

Several  temperature  regions  were  selected  for  measurement, 
depending  on  the  material  family.  For  relaxor  ferroelectrics,  resonance 
measurements  were  made  over  a  range  from  the  micro-polar  region 
(T>Tn,ax)  below  the  depolarization  temperature  Tj. 


RESULTS  AND  DISCUSSION 
Dielectric  Properties 

Large  small  signal  permittivities  were  observed  in  unmodified 
and  La-modified  PMN-PT  compositions.  The  low  frequency  dielectric 
constant  and  polarization  behavior  is  shown  for  a  0.90PMN-0.10PT 
composition  in  Figure  la.  The  temperature  dependence  of  the 
permittivity  and  loss  for  several  1  atom%  La-modified  compositions  is 
shown  in  Figure  lb.  Values  for  K,n3x  (@  ^  kHz)  were  27-36,000  for 
the  PMN  compositions  investigated.  At  temperatures  above  T,nax> 
the  famiUes  exhibited  low  losses  at  1  kHz.  A  summary  of  the  dielectric 
properties  for  the  various  families  investigated  is  presented  in  Table  I. 

Large  polarizations  were  measured  for  the  Pb-based  relaxor 
families.  The  micro-macro  transition  region,  AT,  was  25-45  ®C  for  the 
PMN-PT  relaxor  families.  The  pyroelectric  response  for  several  I 
atomVo  La-modified  compositions  is  shown  in  Figure  2.  The  effect  of 
La  additions  on  P  and  AT  for  varying  PT  contents  is  shown  in  Figure 
3.  La  additions  reduced  the  polarization  and  increased  the  micro- 
macro  transition  region  for  the  PT  contents  evaluated. 
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Figure  1.  a)Polarization  and  dielectric  constant  as  fimrtion  of 

temperature  for  0.90PMN-0.10PT.  b)  Dielectric  constant 
and  loss  factor  for  1  atom%  La-modified  (l-x)PMN-(x)PT 
compositions  with  x=a)  0.125;b)  0.15;c)  0.175;d)  0.20;e) 
0.225. 


Table  I.  Summaiy  of  dielectric  measurements  for  several  PMN-PT  and  1  mol%  La  compositions. 


B 

IkHz 

f|nax  l^max 

(®C)  max  (la 

100  kHz 

D.F. 

T>Tmax 

1  MHz 

Kmax  l^max 

OkV/cm  lOkVcm 

5MHz 

Kmax  l^max 

OkV/cm  lOkV/cm  T>Tm„ 

0.10 

0.125 

0.15 

w/  0  mole%  La'jiO'r 

40  32,800  0.092  28 

52  32.100  0.073  35 

68  36,530  0.063  50 

28,280  <0.003 

28,230  <0.003 

32,890  <0.003 

26,600  8,700  <0.004 

26.800  9,000  <0.003 

30.800  8,500  <0.003 

25,200  8,500  <0.005 

25.600  8,650  <0.004 

29.600  8,300  <0.004 

0.125 

0.15 

0.175 

0.20 

0.225 

w/  1  mole%  La^O'^ 

18,930  <0.006 

20,760  <0.005 

23,430  <0.005 

25,380  <0.004 

27,170  <0.004 

17,650  8,750  <0.006 

19,450  9,100  <0.005 

23,500  9,450  <0.005 

24,600  9,800  <0.005 

26,400  10,100  <0.005 

16,500  7,600  <0,008 

18.300  8,400  <0.008  j 

21,700  8,900  <0.008 

22.300  9,160  <0.007 

24.100  9,300  <0.007 

30  21,430  0.082  12 

41  23520  0.078  27 

55  26,670  0.074  40 

66  28,550  0.069  53 

78  30.860  0.066  65 

Dielectric  Loss  Factor 
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Electromechanical  Properties 

Large  field-induced  coupling  factors  were  obtained  for  PMN- 
PT  compositions  evaluated.  The  field  dependence  of  the  coupling 
factor  for  a  0.85PMN-0. 15PT-l%La  specimen  at  two  temperatures, 
50°C  (T~Tn^,j),  and  75°C(T>Tn,3x),  is  shown  in  Figure  4.  There  was 
no  remanent  k,  observed  after  field  removal  for  temperatures  >T(]. 
The  E-field  dependence  of  k,  correlates  fairly  well  with  Pjnj  behavior 
at  the  measurement  temperatures. 

The  temperature  dependence  of  the  field-induced  thickness 
coupling  factor  k,  is  shown  in  Figure  5  for  0.875PMN-0,125PT  and 
0.85PMN-0. 15PT-l%La  at  several  d.c.  bias  levels.  The  La-modified 
compositions  were  able  to  maintain  larger  electromechanical  effect  at 
higher  temperatures  for  comparable  E-field  levels.  The  temperature 
range  for  inducing  large  kt's  without  remanence  was  increased  due  to 
the  downward  shift  of  Tj  with  1  atom%  La  additions.  The  induced  k, 
values  at  10  kV/cm  field  levels  and  remanent  k,,  normalized  to  Tn^x- 
for  the  x=  0.125  and  0. 15-l%La  compositions,  shown  in  Figure  6, 
illustrate  the  effect  of  La  additions. 


Figure  2.  Pyroelectric  coefficient  and  polarization  for  1  atom%  La- 
modified  (l-x)PMN-(x)PT  compositions  with  x=a)  0.125;b) 
0.15;c)0.175;d)  0.20;e)  0.225. 


Figure  3.  Effect  of  PT  on  polarization  and  AT  for  0  and  1  %La 
modified  PMN-PT  ceramics. 


Figure  4.  Field-dependence  of  induced  thickness  coupling  factor  k,  for 
temperatures  a)  50°C  and  b)  75°C. 
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5.  Temperature  dependence  of  induced  k,  at  several  field  levels 
for  a)  0.875PMN-0.125PT  and  b)  0..85PMN-0.15PT-l%La 
specimen. 


CONCLUSIONS 

The  effect  of  La  additions  to  increase  the  width  of  the  micro¬ 
macro  transition  region  in  PMN-PT  relaxors  was  investigated.  The 
range  for  achieving  large  induced  polarizations  and  electromechanical 
coupling  factors  (k,’s  0.47-0.50)  increased  with  1  atom%  La^"^ 
additions.  The  large,  tunable  kj  values  obtained  were  comparable  to 
those  of  conventional  poled  piezoceramics  such  as  PZT. 

PMN-PT  relaxors  offer  large  K's,  low  losses,  and  adjustable 
induced  piezoelectric  and  elastic  properties.  However,  the  strong 
frequency  dependence  of  the  dielectric  properties  of  relaxors  may 
reduce  the  other  advantages  in  some  fixed  frequency  transducer 
applications. 
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Abstract-  Several  electrostrictive  materials  were  investigated  as 
candidates  for  high  frequency  transducer  applications.  Families 
investigated  included  (l-x)Pb(Mg|/3Nb2/3)03-(x)PbTi03  and  PLZT 
relaxors,  and  Sr-  and  Sn-  substituted  BaTi03  normal  ferroelectrics.  The 
field  dependent  dielectric,  piezoelectric  and  elastic  properties  were 
characterized  at  frequencies  between  100  kHz  and  5  MHz.  The  large 
magnitude  and  E-field  tunability  of  the  electromechanical  and  elastic 
properties  observed  in  several  of  the  materials  may  present 
opportunities  for  several  new  transducer  applications,  such  as 
biomedical  imaging  and  non-destructive  evaluation. 


INTRODUCTION 

The  usage  of  piezoelectric  ceramics  for  transducer  and  actuator 
applications  has  increased  rapidly  in  the  past  decade.  Currently, 
conventional  piezoceramics  are  employed  in  many  mature  applications, 
such  as  sonar,  welding  and  buzzers.  Several  families  of  electrostrictive 
materials  have  been  investigated  for  emerging  actuator  and  transducer 
applications  such  as  micro-positioning  and  biomedical  imaging.  [1,2] 
Desirable  performance  criteria  for  selecting  materials  for  transducer 
applications  include  large  and  reproducible  induced  piezoelectric 
coefficients,  low  losses,  rapid  response  time  and  a  wide  operating 
temperature  range 

The  primary  criteria,  to  induce  a  large  piezoelectric  effect,  can 
be  achieved  by  seleaing  materials  in  which  a  large  polarization  can  be 
produced  by  the  application  of  an  external  electric  field.  The 
piezoelectric  charge  coefficient  djj|(  is  defined  as  follows: 

djjif  =  2  Xniij  CoQijmn  (Eqn.  1) 

where  and  P„  are  the  dielectric  susceptibility, 

electrostrictive  coefficient  and  total  polarization,  respectively. 

Electrostrictive  materials  offer  several  other  advantages  over 
piezoceramics  for  transducer  applications.  These  are  compared  in 
Table  I.[3,4]  The  field  dependence  of  the  dielectric,  piezoelectric  and 
elastic  properties  allows  the  tuning  of  the  electromechanical  coupling 
kij  and  mechanical  Q.  Also,  the  induced  electromechanical  coupling 
vanishes  upon  removal  of  the  electric  field,  reducing  spurious  noise, 
which  is  important  in  several  tfansducer  applications. 

Several  material  families,  solid-solution  forming  systems  having 
prototype  perovskite  structures  in  the  paraelectric  phase,  have  been 
selected  as  potential  candidates  for  electrostrictive  transducer 
applications.  Tfie  polarization  change  mechanisms  and  general  electric 
field-polarization  relations  have  been  classified  elsewhere  by  Cro$s.[S] 
Sr  substituted  barium  titanate  (Bai.,Srx)Ti03  normal  ferroelectrics 
were  selected  for  several  reasons;  the  sharp  phase  transition;  larger 
values  of  compared  to  BaTi03;  the  ability  to  controllabiy  shift 
the  Curie  temperature  Tg  downwards;  and  the  extensive  investigation 
of  the  piezoelectric  and  electrostrictive  effects  in  BaTi03.[6]  Values 
for  the  field-induced  coupling  factors  *^33  and  kp  were  -^.5  and  0.3, 
respectively,  at  temperatures  near  Tj. 

Sn-substituted  barium  titanate  Ba(Sn;,Ti|.;,)03  ferroelectrics 
exhibit  "pinching"  of  the  phase  stability  regions  of  the  rhombohedral, 
orthorhombic,  tetragonal  and  cubic  phases,  produced  by  compositional 
heterogeneity.  [7]  Large  permittivities  ^  25,000  at  1  kHz)  have 
been  reported  along  with  a  linear  strain-electric  field  response  and 
large  induced  piezoelectric  coefficient  (d33  -650-750  pC/N)  at  lower 
E-field  levels  (<  5kV/em).[8] 


Table  1.  Comparison  of  selected  propenies  between  piezoelectric  and 
electrostrictive  materials  [3] 


Parameter 

Piezoelectric 

Electrostrictive 

(Relaxor-based) 

Strain/Field  dependence 

Linear 

Non-linear 

Field-induced  strains 

>0.1% 

>0.1% 

Hysteresis 

Larger  (5-30%) 

Minimal  (<  5%) 

SwitchinR  speed  (us) 

Slower  (l->  10) 

Faster  (0.1-10) 

Transition  temperature 
(i.e..  operating  ranee) 

Higher 

Frequenev  dependence 

Small 

Larger 

Dielectric  Properties 

Krnax  1,0004.000 

15,000-30,000 

Electromech.  props. 

Large,  rel.  E-field 
independent 

Large,  Adjustable 

P|nd’  ^ip  (o) 

Aginc  (Wtime  decade) 

Large  (0.5-2.5) 

Smaller  (0-0.5) 

Two  relaxor  ferroelectric  families,  lead  magnesium  niobate- 
lead  titanate  (l-x)Pb(Mg,/3Nb2/3)03-(x)PbTi03  (PMN-PT)  and  La- 
doped  lead  zirconate-titanate  Pbi.^La^CZri.y  Tiy)i.x/sOy  (hereafter 
referred  to  as  PLZT)  were  selected  due  to  the  large  polarizations  and 
maximum  permittivities,  broad  anomaly  in  the  dielectric  response,  and 
anhysteretic  strain-electric  field  behavior  available  over  a  broad  range 
of  temperatures  reported.  [9]  The  breadth  of  the  micro-  to  macro- 
polar  transition  region,  described  by  AT  =  T„ux  -  Tj,  gives  an 
indication  of  the  operating  temperature  range  for  potential  devices. 

In  PMN,  the  transition  temperature  T^juj  and  depolarization 
temperature  Tj  increase  with  increasing  PT  eontent.[10]  The 
maximum  dielectric  permittivity  was  observed  to  increase  with 
increasing  PT  content  up  to  values  of  x~0.30-0.33,  achieving  levels 
>30,000  (@  1  kHz).  [10]  The  maximum  dielectric  loss  is  -0.10  at  1 
kHz  and  decreases  rapidly  to  values  <  0.01  at  temperatures  >Tnux. 
The  diffiiseness  of  the  transition  and  AT  were  observed  to  decrease 
with  increasing  PT  content,  exhibiting  a  sharp  dielectric  transition  for 
values  ofx>0.33,Theseobserved  effects  indicatea  change  in  the  relaxor 
nature  with  increasing  additions  of  a  normal  ferroelectric. 

Large  and  adjustable  E-field  induced  piezoelectric  coefficients 
in  PMN-PT  ceramics  at  lower  frequencies  (i.e.,  <  200  kHz)  have  been 
previously  reported. [I  I]  At  the  higher  frequencies  of  interest  in  this 
study,  Takeuchi  reported  field-induced  thickness  coupling  factor  k, 
values  of  0.45  for  0.9IPMN-0.09PT  ceramic  specimens,  measured  at 
7.5  MHz.  [2] 

PLZT  compositions  near  the  MPB  have  been  extensively 
studied  for  electrooptic  8ppiications.[12]  The  broad  dielectric 
transition,  large  permittivities  (Kmj_,t's  -4,000-11,000),  and  large 
polarizations  (>30  pC/cm^)  indicate  the  potential  for  a  large  field- 
induced  piezoelectric  effect  over  a  broad  temperature  range.  With 
increasing  La  content.  decreases,  the  transition  broadens,  and 
Tmax  Tj  are  shifted  to  lower  temperatures.  Of  interest  for 
actuator  and  transducer  applications,  anhysteretic  field-induced  strains 
-2-5.4  xlO'^  have  been  reported  by  several  investigators  for  x/65/35 
compositions  with  x=0.07-0. 11 .[  1 2] 

In  this  study,  several  compositions  in  each  of  the  families  were 
processed.  The  field  dependent  dielectric,  piezoelectric  and  elastic 
properties  were  evaluated  at  frequencies  between  100  kHz  and  5  MHz 
and  at  temperatures  in  the  various  polarization  regimes  of  interest. 


EXPERIMENTAL 


Powders  were  prepared  using  reagent  grade  oxides  and 
processed  using  conventional  mixed  oxide  techniques  described 
elsewhere. [3]  Batches  with  the  following  compositions  were 
processed:  (Ba|.,Sr^)Ti03  with  x=0. 175,  0.20,  0.25,  0,30,  Ba(Ti|. 
.,Snx)0,  with  x=0.l0.  0.13,  (l-x)PMN-(x)PT  with  x=0.07,  0.10. 
0.125,  6.15;  PLZTx/65/35  with  x=8,  9,  9.5,  lOand  11%  For  PMN- 
PT  powders,  the  columbite  precursor  method  was  utilized  to  maximize 
perovskite  formation.[13]  PMN-PT  and  PLZT  compositions  were 
calcined  for  4  hours  at  700°C  and  875°C,  respectively.  BST  and  BTSn 
compositions  were  calcined  at  1225-1275°C  for  4  hours.  X-ray 
diftraction  analysis  was  used  to  ensure  proper  phase  formation.  For 
PMN-PT  specimens,  pyrochlore  content  measured  using  XRD  was 
less  than  3%.  Disks  with  1.27  and  2.54  cm  diameters  were  pressed  at 
150  MPa. 

PMN-PT  and  PLZT  disks  were  sintered  for  2  hours  at  1150- 
1200  "C  and  1275  °C,  respectively.  BST  and  BTSn  discs  were 
sintered  on  Zr02  setters  at  1350-1375  °C  for  2-4  hours.  Weight  loss 
and  geometric  densities  were  calculated.  Specimens  were  precision 
lapped  to  0.5  mm  thickness  to  produce  a  dilatational  thickness  mode 
resonance  -4.5-5  MHz.  Au  was  sputtered,  thickness  ~1500A  ,on  the 
major  faces  for  electrodes. 

Dielectric  property  measurements  included  characterization  of 
the  field  and  temperature  dependence  of  the  relative  dielectric 
permittivity  and  dielectric  loss,  performed  over  the  frequency  range 
from  0.1  kHz  to  100  kHz  using  capacitance  bridges  (FIP  4274  and 
4275)  and  from  1  to  >5  MHz  using  complex  impedance  data  obtained 
from  an  impedance  analyzer  (HP3577A).  In  addition,  the  polarization 
versus  electric  field  and  pyroelectric  behavior  were  examined  and 
compared  between  families,  using  a  Sawyer-Tower  circuit,  and  the 
static  Byer-Roundy  technique,  respectively. 

High  frequency  field-induced  electromechanical  coupling 
factor  were  obtained  from  measurements  of  the  series  (Q  and  parallel 
(fr)  resonances,  performed  using  a  FIP3577A  network  analyzer  with 
HP35677A  S-parameter  test  set  configured  for  a  one-pon  input 
reflection  technique.  Typical  applied  d.c.  bias  levels  used  for  the 
measurements  were  between  1  and  15  kV/cm.  The  radial  coupling 
factor  kp  was  calculated  using  a  polynomial  curve  fitting 
equation.  [14].  The  dilatational  thickness  mode  coupling  factor  k,  was 
calculated  using  the  following  equation:  [14] 

kj  •=  i  f  TAN  I  (Eqn.  2) 

2  I,  2  tp 

The  effect  of  applied  electric  field  on  the  elastic  properties  of 
representative  specimens  from  the  various  material  families  were 
examined  at  several  temperatures.  Using  information  obtained  from 
the  resonance  measurements  combined  with  physical  measurements, 

the  frequency  constant,  elastic  compliance  sfi  and  stiffness  C33 
coefiBcients,  and  mechanical  quality  factor  were  calculated. 


Several  temperature  regions  were  selected  for  measurement, 
depending  on  the  material  family  For  the  normal  and  "pinched" 
ferroelectric  compositions,  temperatures  were  selected  in  the  span  Tj. 
+  30°C.  For  relaxor  ferroelectrics,  resonance  measurements  were 
made  over  a  range  from  the  micro-polar  region  (T>Tnia,;)  to  well 
below  the  depolarization  temperature  Tj 


RESULTS  AND  DISCUSSION 
Dielectric  Properties 

A  summary  of  the  dielectric  properties  for  the  various  families 
investigated  is  presented  in  Table  II.  Larger  polarizations  were 
measured  for  the  Pb-based  relaxor  families.  Values  of  Pjnd  decreased 
rapidly  for  temperature  >  T^  in  the  BaTi03  based  families. 

The  highest  small  signal  permittivities  were  observed  in  PMN 
and  BTSn  compositions.  The  low  frequency  dielectric  constant  and 
polarization  behavior  is  shown  for  a  0.90PMN-0.10PT  composition  in 
Figure  la.  The  micro-macro  transition  region,  AT,  was  25-45  and 
100-140  ®C  for  the  PMN-PT  and  PLZT  relaxor  families,  respectively. 
Values  for  K,^,,  (@  1  kHz)  were  27-36,000  for  the  PMN  and  5,300- 
11,000  for  the  PLZT  compositions  investigated.  The  low  frequency 
dielectric  constant  and  polarization  behavior  for  a  Bao  7oSro  3oTi03 
composition  is  shown  in  Figure  lb.  For  the  BST  and  BTSn 
compositions,  maximum  values  of  K  were  18-20,000  and  26-32,000, 
respectively.  At  temperatures  above  T^g,,  all  the  families  exhibited 
low  losses  at  1  kHz.  However,  at  1  MHz,  the  dielectric  loss 
increased  to  -0.01  for  the  PLZT  relaxor  compositions.  Minimal 
frequency  dispersion  was  observed  in  the  BaTiOj-based  families  as 
compared  to  the  PMN  and  PLZT  relaxors. 

A  large  field  dependence  of  the  permittivity  was  exhibited  by 
all  but  the  PLZT  families.  Values  of  at  1  MFIz  and  10  kV/cm 
applied  field  for  the  BST/BTSn  and  PMN-PT  familes  were  -4,000- 
5,500  and  8,500-10,500  respectively. 


Electromechanical  Properties 

Large  field-induced  coupling  factors  were  obtained  for  the 
material  families  investigated  A  summary  of  the  electromechanical 
properties  is  shown  in  Table  III.  Maximum  k|  values  for  the  PMN-PT 
and  PLZT  families  were  0.48  and  0.50,  respectively.  The  field 
dependence  of  the  coupling  factor  and  polarization  for  a  0.90PMN- 
0.1  OPT  specimen  at  two  temperatures,  50°C  (T-T,njx)- 
75'’C(T>Tmax)"  shown  in  Figure  2.  There  was  no  remanent  k, 
observed  ^er  field  removal  for  temperatures  >Td.  The  E-field 
dependence  of  k,  correlates  fairly  well  with  Pj^j  behavior  at  the 
measurement  temperatures. 


Table  II.  Summary  of  dielectric  properties  for  compositions  evaluated 


Material 

Type 

^max 

(pC/cm^) 

^max 

^max 
@1  MHz 

^max 
(51  MHz 
E-lOkV/cm 

D.  F. 

max. 

AT 

{'C) 

Transition 

Behavior 

K  Field 
Depend. 

Relaxor  I 
(l-.x)PMN-(x)PT 
Relaxor  II 

PLZT 

Normal 

(Bai.xSr,)Ti03 

"Pinched" 

BatTi  1 SOvlOi 

28-35 

Large 

(28-36.000) 

24,000 

8,800 

0.08 

20-30 

Broad 

(dispersive) 

Moderate 

30-t0 

1^9 

9,000 

8,500 

0.10 

100-140 

Very  broad 
(dispersive) 

Minimal 

16-19 

16.400 

5,400 

0.05 

0 
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Strong 

18-21 
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29.000 
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0.1 
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Figure  1.  Ppiarization  and  dielectric  constant  as  function  of 
temperature  for  a)  0.90PMN-0.10PT  relaxor  and  b) 
Bag  7oSro.3oTi03  normal  ferroelectrics. 


Large  values  of  k|  ('0.50)  were  obtained  for  several  of  the 
BST  compositions  However,  as  shown  in  Figure  3,  values  for  the  k, 
decrease  rapidly  for  temperatures  greater  than  a  few  degrees  above  Tj. 
At  temperatures  below  Tc.  significant  remanent  k,  values  were 
measured  due  to  macro-domain  switching.  The  relaxor  compositions, 
with  a  broad  micro-macro  transition  region,  exhibited  significantly 
wider  temperature  region  for  obtaining  large  induced  k/s  without 
hysteresis. 


Figure  2.  Field-induced  thickness  coupling  factor  k|  for  a  composition 
at  a)  S0»C  (T-T^„)  and  b)  TS'C  (T>T™,,). 


Table  III.  Summary  of  field-induced  electromechanical  properties  for  material  families  investigated 


jimn 

Example 

Bi 

131 

Qm 

IB 

H3i 

Relaxor  I 

(l-x)PMN-{x)PT 

0.48 

0.40 

3-5 

Broad 

80 

2,000 

17-18 

Relaxor  11 

PLZT 

0.50 

0.35 

>5 

Broad 

50 

2,100 

16-19 

Normal 

(Ba,.xSr,)Ti03 

0.50 

030 

4-6 

Narrow 

250 

2,300 

20-21 

"Pinched" 

Ba(Ti|.vSn,,)Oi 

043 

0.27 

4-6 

Narrow 

280 

2,500 

21-23 

Piezoceramic 

PZT-5H 

0.5 

0.67 

— 

Narrow 

65 

1,950 

15 

CoupHno  Factor  1^ 


The  elastic  coefficients  exhibited  a  softenening  around  Tn,j,x 
and  subsequent  stifiening  with  increasing  temperatures  A  stiffening  of 
the  elastic  coefficients  was  observed  with  increasing  field  at  all 
measurement  temperatures,  with  a  reduced  field  dependence 
corresponding  to  the  switching  and  saturation  of  the  polarization  at 

temperatures  Values  for  C33  and  sf,  were  comparable  to 

those  of  the  respective  piezoceramics  in  the  BaTi03,  PMN-PT  and 
PLZT  families. 

Several  observed  characteristics  are  of  interest  in  transducer 
applications.  Due  to  the  external  electric  field,  the  k(/kp  anisotropy  is 
significantly  larger  than  observed  in  conventional  BaTi03-  and  PZT- 
based  piezoceramics.  The  mechanical  quality  factor,  Q,„,  also  was 
field-dependent.  In  PMN-PT  compositions,  was  adjustable  in  the 
range  80-220.  This  would  be  of  interest  as  a  dynamic/intemal 
mechanism  for  adjusting  damping/bandwidth  in  transducers. 


CONCLUSIONS 

A  large  field-induced  piezoelectric  effect  was  measured  in 
several  of  the  families  evaluated,  with  values  of  k,  ~0  50  The 
temperature  range  for  obtaining  large  electromechanical  propenies 
without  hysteresis  can  be  related  to  the  underlying  polarization 
mechanism.  The  relaxors  exhibit  a  much  broader  temperature  region 
than  the  BaTiOj-based  normal  ferroelectrics,  where  significant 
can  be  achieved  only  a  few  degrees  above  T^  PMN-PT  relaxors  offer 
large  K's,  low  losses,  and  adjustable  induced  piezoelectric  and  elastic 
properties.  However,  the  strong  frequency  dependence  of  the 
dielectric  properties  of  relaxors  may  reduce  the  other  advantages  in 
some  fixed  frequency,  tunable  transducer  applications 


Figure  3.  Field-induced  thickness  coupling  factor  kt  for  a 

Bao  7oSro  30^*03  composition  at  a)  40°C  (T^Tj)  and  b) 
fiO-C  (T>tc). 
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The  induced  polarization  and  longitudinal  strain  behavior 
of  lanthanum-  and  titanium-modified  antiferroelectric  lead 
zirconate  ceramics  were  measured  as  functions  of  electric 
field  as  high  as  30  kV/mm  (300  kV/cm).  Two  field-induced 
phase  transitions  were  observed,  both  in  polarization  and 
strain.  Polarization  and  strain  levels  greater  than  0.5  C/m- 
and  0.75%,  respectively,  were  achieved  in  this  materials 
family. 

I.  Introduction 

WITH  continuing  ferroelectric  ceramic  component  minia¬ 
turization.  the  impact  of  "scale”  in  relation  to  the  under¬ 
lying  physical  phenomena  becomes  increasingly  important. 
This  becomes  particularly  evident  for  capacitors  and/or  actua¬ 
tors  in  which  active  layer  thicknesses  on  the  order  of  5-10  am 
can  be  achieved  in  multilayer  structures  via  tape  castine  tech¬ 
nology,'"’  and  less  than  I  p.m  using  various  thin  film  tech¬ 
niques.'*  For  such  devices,  in  which  the  external  boundary 
condition  is  applied  voltage,  dielectric  materials  can  see  electric 
fields  in  excess  of  10  kV/mm.  The  impact  of  such  high  fields  on 
ferroics  was  investigated  by  Fesenko:*’  it  was  reported  that  sin¬ 
gle  crystals  of  the  antiferroelectric  PbZrO,  undergo  as  many  as 
three  phase  transitions  (antiferroelectric  — .  ferroelectric(I)  — 
ferroelectric!  11)  — •  ferroelectricdll))  with  increasing  electric 
fields  on  the  order  of  20-40  kV/mm. 

It  was  the  aim  of  this  work  to  examine  the  effects  of  ultrahigh 
fields  on  modified  PbZr03  ceramics,  with  particular  regard  to 
the  polarization  and  strain  behavior  associated  with  multiple 
ferroic  phase  transitions. 

II.  Experimental  Procedure 

In  order  to  fabricate  bulk  ceramics  capable  of  withstanding 
high  electric  fields,  the  base  composition.  Pb(Zr(,  „Tio„)0,.  was 
modified  with  2, 4,  and  6  at.%  La’'*  to  inhibit  grain  growth  and 
enhance  densification.  These  compositions  are  denoted  PLZT 
2/95/5,  4/95/5,  and  6/95/5,  respectively.  Disk-shaped  ceramic 
samples,  approximately  5  mm  in  diameter  by  0.5  mm  thick 
were  sintered  at  1200'’-1350'’C  for  1  h  in  air.  Densification.  and 
thus  dielectric  breakdown  strength,  was  enhanced  (95%„,^  — . 
>99%,^^)  through  hot  isostatic  pressing  (1200'’C  for  1  h  at  3 
ksi  (—20.7  MPa)  in  air)  after  sintering.  The  samples  were 
lapped  to  thicknesses  on  the  order  of  100-150  p.m,  finishing 
with  l-p,m  diamond  paste.  The  polished  surfaces  were  elec- 
troded  with  sputtered  gold,  and  air-dry  silver  was  applied  to  the 
electrodes  to  ensure  good  electrical  contact. 

Low-field  characterization  included  dielectric  permittivity 
and  loss  as  functions  of  frequency  (0.1-100  kHz)  and  tempera¬ 
ture  ( —  50°-250°C).  High-field  measurements  included  polar¬ 
ization  and  strain  hysteresis  using  a  modified  Sawyer  Tower 
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system  and  linear  variable  displacement  transducer  (LVDT) 
strain  apparatus.  Electric  fields  as  high  as  30  kV/mm  were 
achieved  using  an  amplified  triangular  waveform  at  0. 1  Hz. 


III.  Results  and  Discussion 

As  seen  in  Fig.  1.  PLZT  2/95/5.  4/95/5.  and  6/95/5  exhibit 
permittivity  maxima  at  213°.  216°.  and  208°C.  respectively, 
simil^  to  the  FE-AFE  (ferroelectric-antiferroelectric)  transi¬ 
tion  in  pure  PbZrn93TioosO,  (235°C).''  Additionally,  the  per¬ 
mittivity  maximum  decreases  (from  ==4500  to  «=1000)  and 
becomes  more  diffuse  with  increasing  La-modification.  The 
secondary  permittivity  peak  also  becomes  more  diffuse  and  its 
temperature  maximum  is  a  strong  function  of  La  content,  rang¬ 
ing  from  89°C  for  PLZT  2/95/5  to  below  room  temperature  for 
6/95/5.  The  room-temperature  permittivity  increases  with  La- 
modification.  due  to  broadening  and  flattening  effects.  For  all 
compositions,  room-temperature  dielectric  loss  was  <0.015  at 
100  kHz.  reflecting  homogeneously  densified  ceramics. 

As  seen  in  Fig.  2(a).  PLZT  2/95/5  exhibited  the  highest  level 
of  mduced  polarization  at  20  kV/mm  (>0.50  C/m’)  and  great¬ 
est  switching  field  hysteresis  in  the  FE-11  phase.  On  increasing 
field,  this  composition  appears  to  switch  directly  from  AFE  to 
FE-II  at  «»14  kV/mm.  whereas  on  decreasing  field  it  switches 
first  from  FE-11  to  FE-1  at  =8  kV/mm.  followed  by  a  more  dif¬ 
fuse  transition  from  FE-I  to  AFE.  centered  at  =3.5  kV/mm. 
This  observed  polarization  hysteresis  behavior  is  very  similar  in 
appearance  to  the  25°C  hysteresis  data  reported  by  Fesenko’  for 
single-crystal  PbZrO,,  namely 


AFE  — ►  FE-1  — ► 

2lkV/mm  35  kV/mm 


FE-Il  — .  FE-IIl 

40kV/fnm 


but  naturally  smoothed  due  to  polycrystallinity.  The  switching 
fields  are  also  decreased  relative  to  PbZrO,  due  to  the  5  at.%  Ti- 
modification.  Strain  levels  approaching  0.8%  were  achieved  at 
20  kV/mm.  as  presented  in  Fig.  2(b).  Additional  characteriza¬ 
tion  in  terms  of  temperature  behavior  and  structural  determina¬ 
tion  by  XRD  is  still  needed  to  confirm  the  associated  structural 
phase  changes. 
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Fig.  2.  Room-iemperature  electric  field-induced  (a)  polarization  and  (b)  longitudinal  strain  in  PLZT  2/95/5. 


On  increasing  the  La’*  content  to  4%  (PLZT  4/95/5).  high 
levels  of  Pi..d  (>0.50  C/m’)  were  also  obtained,  although  the 
required  fields  were  increased  to  •="30  kV/mm,  as  seen  in 
Fig.  3(a).  Unlike  PLZT  2/95/5,  two  distinct  transitions  are 
clearly  visible  on  increasing  field.  The  first  (AFE  to  FE-I) 
occurs  at  •>15  kV/mm,  and  the  second  (FE-I  to  re-II)  is 
induced  at  *"18  kV/mm.  With  decreasing  field,  the  FE-II  to 
FE-I  transition  occurs  at  ““15  kV/mm.  while  the  FE-I  to  AFE 
transition  is  further  broadened  (compared  with  PLZT  2/95/5), 
but  remains  centered  around  >"3  kV/mm.  The  maximum  strain 
achieved  for  this  material  was  0.77%  at  30  kV/mm,  as  pre¬ 
sented  in  Fig.  3(b).  This  strain  level  is  comparable  to  2/95/5; 
however,  the  field  required  is  much  greater  (30  kV/mm  vs 
20  kV/mm).  Additionally,  the  level  of  hysteresis  in  the  FE-II 
phase  is  substantially  reduced.  Using  switching  field  hysteresis 
(£««:)  -  for  comparison,  the  levels  are  3  and  6  kV/mm 

for  PLZT  4/95/5  and  2/95/5.  respectively. 


Analogous  to  the  dielectric  behavior.  Fig.  4(a)  illustrates  the 
effects  of  further  La’*  increase  (PLZT  6/95/5),  resulting  in  a 
markedly  diffuse,  single  phase  transition  at  *"20  kV/mm,  with 
correspondingly  reduced  levels  (0.4  C/m’  at  25  kV/mm). 
Since  the  phase  transition  occurs  at  approximately  the  same 
field  as  the  FE-1  to  FE-II  in  the  other  two  compositions,  it  is 
probably  a  transition  from  AFE  to  FE-II.  In  accord  with  PLZT 
4/95/5,  the  switching  field  hysteresis  is  further  reduced  to 
—  1  kV/mm  for  this  composition.  As  seen  in  Fig.  4(b),  the  strain 
levels  are  also  correspondingly  lower,  showing  no  sign  of  satu¬ 
ration.  even  at  24  kV/mm. 

Of  particular  significance  in  this  work  were  the  maximum 
levels  of  induced  polarization  (>0.5  C/m’)  and  strain  ("=0.8%) 
achieved.  The  additive  effect  of  multiple  phase  transformations 
was  evident  in  these  data,  both  in  polarization  and  longitudinal 
strain.  Maximum  applied  field  levels  were  limited  by  electrical 
breakdown.  To  date,  it  has  not  been  possible  to  apply  greater 


PLZT  4/95/5 


(b) 


Fig.  3.  Room-temperature  electric  field-induced  (a)  polarization  and  (b)  longitudinal  strain  in  PLZT  4/95/5. 


PLZT  6/95/5 


Fig.  4.  Room-temperature  electric  field-induced  (a)  polarization  and  (b)  longitudinal  strain  in  PLZT  6/95/5. 


than  *=20  kV/mm  to  PLZT  2/95/5  or  =25  kV/mm  to  6/95/5. 
Improvements  in  ceramic  processing  may  lead  to  increased 
held  stability  and.  ultimately,  larger  induced  polarization  and 
strain  levels. 
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ABSTRACT 

The  electric  field  induced  antifcrroelectric-to-ferroelectric  phase  transition  of  lead  zirconate 
titanate  stannate  ceramics  was  investigated  by  means  of  dielecnic,  polarization,  and  strain 
hysteresis  measurements.  Compositions  of  varying  titanium  and  tin  within  the  general  formula 
(Pbo.98Li).02)  (Zro.66Tio.ii-xSno.23+x)03,  located  in  the  tetragonal  annferroelectric  phase  field  and 
near  the  ferroelectric  rhombohedral  boundary  were  prepared.  As  the  applied  electric  field 
increased,  a  sudden  increase  in  both  longitudinal  and  transverse  strain  was  observed  with  a 
corresponding  change  in  dielectric  constant,  loss,  and  polarization,  indicating  the  transition  from 
antiferroelectric  to  ferroelectric  phase.  The  longitudinal  strain  increased  continuously  into  the 
ferroelectric  phase,  whereas  the  transverse  strain  became  negative  after  the  phase  change.  By 
defining  the  phase  change  field  from  polarization  and  high  field  dielectric  constant  and  loss 
measurements,  the  longitudinal  strains  associated  with  the  phase  change  for  all  of  the  compositions 
were  less  than  0.2%.  For  some  compositions,  however,  the  longitudinal  strain  increased  to  levels 
greater  than  0.5%  with  increasing  applied  field.  Owing  to  the  relatively  small  decrease  in 
transverse  strain  in  the  ferroelectric  region,  the  volume  strain  continued  to  increase  even  after 
antiferroelectric  to  ferroelectric  phase  change. 


Keywords!  field  induced  strain,  field-induced  polarization,  antiferroelectric-to-ferToelectric 
phase  switching  ceramics,  lead  zirconate  stannate  ceramics. 


1,  INTRODUCTION 

Modified  lead  zirconate  titanate  stannate  based  ceramics  have  been  studied  extensively  over 
the  past  several  decades  for  potential  applications  such  as  charge  storage  capacitors  *  *2  and  high- 
strain  transduccrs/actuators3-6.  Previously,  studies^*®  have  reported  longitudinal  strains  on  the 
order  of  0.2  to  0.8%,  believed  to  be  associated  with  the  strains  associated  with  the  antiferroelectric 
(AFE)-to-fenoelcctric  (FE)  phase  transformation.  However,  inconsistencies  in  the  reponed  strain 
values  among  the  researchers  may  be  related  to  experimental  issues,  such  as  at  what  E-field  the 
phase  switching  w'as  completed.  In  this  study,  therefore,  five  tetra^nal 
{Pbo.97Lao.02)(Zro.66Tio.ll-xSno.23tx)93  antiferroelectric  ceramics  were  prepared  and  field- 
induced  polarization  and  strains  (longitudinal  and  transverse)  were  measured  through  the  Art>-to- 
FE  switching  and  up  to  three  times  the  switching  field,  in  hopes  of  better  understanding  this 
phenomena. 

Detail  sample  preparation  and  characterization  methods  including  dielectric  and  electric  field 
induced  strain  are  described  in  this  paper  along  with  the  discussion  of  the  results. 


PbCZrjTi  5)0 j 


FiEure  1  Temaiy  phase  diagram  of  Pb(Zr,Ti.Sn)03  system  taken  from  reference  7.  t^“KS 
®  locatos  of  selectS  compositions  A,  B,  C.  D,  and  E  tn  the  tetragonal  annfetroelecmc 

phase  field. 


2.  EXPERIMENTAL  PROCEDURE 
2.1.  Sample  Preparation 

The  compositions  described  as  A  to  E  in  Table  1  were  ‘S'q? 

rPhnmLanrw)(Zrn«;Tin  ii.xSno23+x)03  (hereafter  designated  PLZTS)  x=0,  0.01,  O.UA  U.U3, 
0  04’^  Figure^  1  slmws  the  location  of  these  compositions  in  the  ternary  phase  diagr^. 
Po°iycryst5line  ceramic  materials  investigated  in  this  study  were 

using  the  appropriate  amount  of  reagent  grade  raw  matenals  of  Ic^c^bonaie  janmamm 

oxide  rLa2b^)^zirconium  dioxide  (Zr02),  titanium  dioxide  (Ti02),and  tin  oxide  (SnCD2)-  The 

plrireoS  of  the  raw  mlte^  was  grearerUtan  99%.  T^'P'^SnaTr^cTs  w« 
to  prepare  the  various  ceramic  samples  is  desenbed  in  Figure  2.  The  sintenng  process  was 

performed  in  a  PbO  rich  atmosphere  to  minimize  weight  loss. 

To  further  enhace  densificarion  and  subsequent  dielectric  breaJedown 
specimens  (-93%  theoretical  dense)  were  hot  isostancally  pressed  for  2  hours  at  1 100  C  in  an  air 

atmosphere  under  a  pressure  of  20  MPa.^ 

The  disk  samples  were  then  prepared  by  polishing  with 
noHshing  powders  to  achieve  flat  a.id  parallel  surfaces  onto  which  gold  spv^ered  electrodes  were 
Sied  ®An  SS  “  or  paste  was  Sverlaid  as  a  top  sttrface  over  ;he  gold  electrodes  to  tmprove 
Strical  contact  and  reduce  electrode  abrasion  problems  dunng  charactertzatton  and 
electromechanical  testing. 


Table  1.  Composition  of  (PbLa)(ZrTiSn)03 
(PLZTS)  antifemoelectric  ceramics 
investigated  in  this  work. 


Group  A 


Notation 

Composition 

A 

(Pbo.97  Lao.02)(Zro.66Tio.  1 1 S  no.23 

Ti/Sn:  0.11/0.23 

B 

(Pbo.97Lao.02)(Zro.66Tio.  1  oS  "0.24/03 
Ti/Sn:  0.10/0.24 

C 

(Pbo.97Lao.02)(Zro.66Tio.09Sno.25/03 
Ti/Sn:  0.09/0.25 

D 

(Pbo.97Lao.02)(Zro.66Tio.08Sno.26)03 
Ti/Sn:  0.08/0.26 

E 

(Pbo.97Lao.02)(Zro.66Tio.07Sno.27)03 
Ti/Sn:  0.07/0.27 
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Figure  2.  The  processing  flow  chart  for  PLZTS  ceramics. 


2.2.  Characterization 

2.2.1.  Phase,  Density,  and  Microstructure 

The  powders  were  examined  by  x-ray  diffraction  (XRD)  at  each  processing  step  to  insure 
phase  purity.  Weight  change,  geometrical  density,  and  grain  size  were  determined  for  all  the 
compositions  and  each  firing  stage.  The  average  grain  size  was  determined  using  the  line  intercept 
meld  on  fracture  surfaces  monitored  by  Scanning  Electron  Microscope  (SEM). 

2.2.2.  Dielectric  Properties 

Dielectric  measurements  were  performed  on  representative  samples  using  an  LCR  meter 
Hewlett-Packard  No.  4274A.  The  capacitance  and  dielectric  loss  were  measured  at  1  kHz.  The 
dielectric  constant  (K)  was  calculated  from  capacitance  and  sample  geometries. 

The  field-induced  dielectric  constant  (K)  was  determined  from  the  following  two  methods: 

(i)  low  field  capacitance  under  DC  bias  field  (0  to  150  kV/cm)9.10,  and 

(ii)  calculated  from  the  slope  of  the  polarization-electric  field  (P-E)  hysteresis  loop^O*^^ 


The  dielectric  properties  described  above  (i)  were  measured  with  an  HP  4274A  Multi- 
frequenev  LCR  meter  at  a  frequency  of  1  kHz  and  an  AC  signal  of  1  V.  The  DC  bias  was  supplied 
by  a  Keithley  246  High  Voltage  Supply  having  a  maximum  voltage  of  3 100  V  and  a  current  limit 
of  10  mA.  Electric  breakdown  of  the  samples  at  a  high  voltage  could  damage  or  destroy  the  LCR 
meter,  thus  a  DC  blocking  circuit  was  used  to  protect  the  instrument.  The  blocking  circuit 
introduced  eirors  of  ±  1%  capacitance  and  ±  0.005  dielectric  loss  in  measurements  at  1  kHz.  Hie 
samples  were  immersed  in  Fluorinert  insulating  liquid  (FC-40,  3M)  to  prevent  arcing  under  high 
voltage  application. 

In  the  second  method  (ii),  the  dielectric  constant  was  calculated  from  electric  field- 
polarization  hysteresis  curves  and  resulting  polarization-electric  field  polynomial  function.  The 
induced  dielectric  constant  Kind  could  be  derived  from  differentiating  the  polynomial  function  and 
through  the  following  equation: 

Kind=l+-gE 

to 

where  P  is  the  polarization  (C/m-).  Kind,  the  induced  dielectric  constant,  and  E.  the  electric  field 
(V/m). 


2.2.3.  Polarization  and  Strain 

Relevant  parameters  in  polarization  and  strain  hysteresis  loops  are  defined  and  are 
designated  in  Figure  3.  The  polarization  electric  field  (P-E)  measurements  were  performed  on 
representative  samples  using  a  computer  controlled  modified  Sawyer-Tower  circuit.  The  field- 
induced  strains  (longitudinal  and  transverse)  associated  with  antifcrroelectric-to-ferroelectric  ph^e 
switching  were  simultaneously  determined  using  an  LVDT  (Linear  Variable  Differential 
Transformer)  sensor  driven  by  a  lock-in  amplifier  (Stanford  Research  Systems,  Model  SR830 
DSP).  Through  an  LVDT  sensor,  the  longimdinaJ  and  transverse  strains  of  the  samples  were 
measured  in  parallel  and  perpendicular  directions  with  the  applied  electric  field,  respectively,  as 
shown  in  Figure  4(B).  The  volume  strain  was  then  calculated  from  the  longitudinal  and  transverse 
strains.  An  AC  signal  frequency  of  0.1—1  Hz  was  employed  and  the  data  obtained  after  several 
cycles  at  an  appropriate  field.  The  frequency  was  increased  up  to  20  Hz  to  ensure  thermal 
expansion  effects  due  to  self-heating  of  the  sample  did  not  affect  the  displacement  data.  A 
Fluorinert  liquid  was  employed  to  prevent  arcing  under  high  field  application.  In  general,  the 
electric  field  was  slowly  increased  up  to  100  ~  200  kV/cm  until  the  sample(s)  experienced 
breakdown.  All  of  the  polarization  and  strain  measurements  were  performed  at  room  temperature. 


3.  RESULTS  AND  DISCUSSION 
3.1.  Phase  Purity,  Density,  Grain  Size,  and  Microstructure 

XRD  analysis  revealed  that  all  of  the  samples  except  composition  A  were  tetragonal  with  no 
second  phases  observed  within  the  detection  limit  (<  2%).  XRD  data  of  Sample  A  showed  mixture 
of  tetragonal  and  rhombohedral  phase.  Ceramics  sintered  at  1300*C  resulted  in  a  density  range  of 
7. 70-7 .'86  g/cm3  while  minimal  weight  loss  (<  1  wt%).  Further  improvement  in  densification 
(7.78-7.94  g/cm3)  was  achieved  through  hot  isostatic  pressing  (HIP)  of  pre-sintered  samples. 
Similar  microstructures  with  grain  sizes  on  the  order  of  4  to  5  jim  and  transgranular  and 
intergranular  mixed  fiacture  surfaces  were  found  for  all  the  compositions. 


Figure  3.  Typical  polarization,  strain  loops, 
and  some  illustrated  parameters,  Efa. 
EAF*Eapp»  Ps>  Pmax- 


Longitudinoi  (B)  Tran$ver«e 

Stroin  Stroin 


Figure  4.  (A)  Schematic  drawing  of 
polarization  and  strain  measurement  set-up, 
and  (B)  Schematic  drawing  of  a  sample 
configuration  in  LVDT  probe  for  longitudinal 
and  transverse  strain  measurement. 


3.2.  Dielectric  Properties 

The  dielectric  constant  and  loss  at  room  temperature  decreased  (K=860->500,  tanS  = 

0.72%-> 0.18%)  with  increasing  Sn'^^  (or  decreasing  Ti'^+)  as  listed  in  Table 
2  (compositions  A-E).  Figure  5  typifies  the  dielectric  constant  and  loss  behavior  of  an  anti- 
ferroelectric  under  D(2  bias  field  for  composition  B.  When  the  DC  field  was  applied  to  the  ceramic 
sample,  the  dielectric  constant  increased  slightly,  then  dropped  abruptly  at  a  certain  bias  level, 
which  is  the  switching  field  (Eaf)  from  the  AFE  to  FE  phase  transition.  A  peak  in  dielectric  loss 
was  found  to  occur  at  the  switching  field,  Eaf-  Dielectric  constant  and  loss  peaks  were  also 
observed  with  decreasing  bias  at  the  FE-to-AFE  switching  field  (Efa)-  It  should  be  noted  that  the 
dielectric  constant  of  the  samples,  which  have  been  switched  to  the  ferroelectric  phase,  exhibited 
higher  values  than  that  for  the  virgin  samples  (sample  which  has  not  been  exposed  to  a  bias  field). 
This  behavior  is  due  to  the  oriented-antiferroelectric  state  which  exists  after  a  cycled  process  (AFE- 
FE-AFE)  compared  with  the  initially  random  antiferroelectric  stated. 


Table  2.  Dielectric  property,  field-induced  polarization  and  strain  of 
antiferroelectric  (Pb,La)(Zr,Ti,Sn)03(PLZTS)  ceramics. 


Dielectric 

1 

Parameters 

kHz 

Electric  Field-induced  Polarization 

and  Strain 

fLow 

Field) 

At  switching  field 

At  max. 

applied  field 

Comp. 

Krt 

tand 

(%) 

Tc 

CC) 

mi 

Eaf 

(k  V/cm) 

Ps 

(pC/cm^) 

S3 

E*pp. 

(Eapp/E^F) 

P  max. 
(liC/cm^) 

S3 

(%) 

At 

860 

0.72 

177 

2800 

26 

27 

0.16 

80  (3.1) 

35 

0.38 

B 

730 

0.51 

178 

2500 

37 

32 

0.18 

111  (3.0) 

38 

0.42 

C 

620 

0.30 

178 

2100 

51 

32 

0.18 

153  (93.0) 

40 

0.53 

D 

560 

0.18 

182 

1700 

71 

32 

0.16 

133(1.9) 

41 

0.48 

E 

500 

0.18 

189 

1400 

94 

32 

0.17 

120(1.3) 

40 

0.37 

t  Composition  A  is  a  mixed  phase  of  antiferroelectric  and  ferroelectric.  The  switching  field  (26  kV/cm)  is 
determined  from  the  strain  measurements. 


Figure  5.  Electric  field  biased  dielectric  constant  (A)  and  loss  (B)  for  composition  B.  (white 
circle:  increasing  bias  field,  black  circle:  decreasing  bias  field). 


Figure  6  shows  the  differential  dielectric  constant  (described  earlier  in  section  2.2.2,  (ii)) 
behavior  of  anDferroelectric  ceramic  composition  B  calculated  from  P-E  hysteresis  loops.  Peaks  in 
dielectric  constant  of  more  than  10^  are  observed  at  the  switching  fields  Eaf  and  Efa-  "Fhe 
discrepancy  of  the  dielectric  constants  values  between  measurements  methods  (i)  and  (ii)  is 
believed  to  be  due  to  a  sub-lattice-reorientation  process  for  the  antiferroelectric-to-ferroelectric 
phase.  Actually,  the  AC  dielectric  constant  under  DC  bias  (case  (i))  is  the  incremental  dielectric 
constant,  which  measures  the  change  of  polarization  due  to  a  weak  AC  field  superimposed  on  the 
DC  field.  Thus,  this  measurement  is  not  concerned  with  the  time-dependent  domain  (sub-lattice) 
reversal  but  only  with  slight  changes  in  the  polarization  of  the  ceramics.  The  step  increase  of 
biasing  field  is  hardly  coincident  with  the  switching  field  at  which  the  re-orientation  of  sub-lattice 
in  antiferroelectric-to-femoelectric  occurs.  In  the  case  of  the  differential  dielectric  constants,  the  P- 
E  hysteresis  continuously  measures  the  phase  change  between  AFE  and  FE.  Thus,  the  differential 
of  ^e  P-E  curve  could  include  the  sublatticc  reversal  at  a  finite  time,  giving  rise  to  peaks  of 
dielectric  constant  at  the  switching  fields  (Eaf  and  Efa)- 


Figure  6.  Dielectric  constant  of  composition  B  calculated  from  polarization-electric  field 
hysteresis  loop. 


3.3.  Field-Enforced  Polarization  and  Strain  Behavior 

Polarization  and  induced  strains  were  determined  with  changing  the  applied  field  in  a  step¬ 
wise  manner.  It  was  quite  apparent  that  the  hot-isostatically-pressed  (HIP)  samples  exhibited 
higher  breakdown  field  than  those  only  conventionally  fired.  A  representative  antiferroelectric 
hysteresis  loop  for  the  composition  B  is  shown  in  Figure  7,  with  increasing  bias  field.  It  shows 
typical  AFE-FE-AFE  double-hysteresis  loops  associated  with  the  application  of  positive  and 
negative  E-field,  as  pictorially  given  in  Figure  3. 

As  presented  in  Table  2,  the  maximum  polarization  in  the  ferroelectric  region  was  found  to 
increase  by  only  about  19%  from  the  switching  field  (37  kV/cm)  to  1 1 1  kV/cm.  However,  the 
accompanying  longitudinal  strain  increased  greatly  from  0.18%  at  the  switching  field  to  0.42%  at 
1 1 1  kV/cm.  Figure  8  describes  the  transverse,  longitudinal  and  calculated  volumetric  strain,  as  a 
function  of  applied  field.  As  shown,  the  transverse  strain  starts  to  decrease  above  a  certain  field 
level,  which  indicates  the  completion  of  the  AF-FE  phase  change.  As  expected,  the  increase  in 
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Figure  7.  Polarization  (A)  and  longitudinal  strain  (B)  of  composition  B  under  various  electric 
fields. 


volume  associated  with  the  phase  switching  from  the  tetragonal  antiferroelectric  to  rhomlwhedral 
ferroelectric  structure  is  clearly  observed.  However,  the  volumetric  strain  continued  to  increase 
with  applied  E-field,  which  was  not  anticipated. 

The  polarization  electric  field  hysteresis  loops  and  the  accompanying  longitudinal  straps  of 
all  of  the  samples  arc  shown  in  Figure  9.  Except  for  composition  A,  all  the  compositions  exhibited 
a  classic  antiferroelectric  double-hysteresis  loop.  Composition  A  revealed  a  hysteresis  loop  shape 
between  that  of  a  ferroelectric  and  antiferroelectric  owing  to  the  proximity  of  the  ferroelecnc 
rhombohedral  phase  boundary.  Both  the  forward  and  reverse  switching  fields  (Eaf  and  Efa) 
increased  with  decreasing  Ti/Sn  ratio  as  the  compositions  moved  away  from  the  phase  tound^ 
into  the  antiferroelectric  phase  At*  Interestingly,  the  E-field  hysteresis  (AE  =  Eaf  *  Efa)  was 
found  to  be  constant  in  this  group  of  PLZTS  ceramics. 


Figure  8.  Field-induced  longitudinal,  transverse,  and  volume  strain  at  maximum  electric  field 
level  for  composition  B. 
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Figiire  9.  Field-induced  polarization  and  longitudinal  strain  of  composition  A,  B,  C,  D,  and  E  at 
the  maximum  applied  electric  field. 


The  field-induced  polarization  and  strain  of  the  five  compositions  studied  in  this  work  are 
plotted  as  functions  of  electric  field  (kV/cm)  in  Figure  10.  The  changes  in  polarization  under  bias 
field  show  similar  behavior  among  the  examined  compositions,  as  indicated  in  Figure  10(A), 
whereas  the  strains  are  compositionally-dependent  at  the  same  field  level  (Figure  10(B)).  The 
magnitude  of  strain,  however,  approach  a  similar  range  of  0.4-0.5%  for  fields  greater  than  130 
kV/cm.  As  shown  in  previous  research2A.5^  compositions  closer  to  phase  boundary  show  higher 
strains  at  lower  electric  field. 


Figure  10.  Polarization  (A)  and  longitudinal  strain  (B)  of  composition  A-E  as  a  function  of 
applied  electric  field. 

4.  CONCLUSION 

Compositions  with  varying  Ti/Sn  ratio  in  PLZTS  antiferroelectric  ceramics  were  prepared 
by  solid  state  reaction.  Hot  isostatic  pressing  was  used  to  enhance  the  density  of  the  ceramics 
resulting  in  higher  field-related  breakdown  strength  allowing  for  the  high  field  measurements. 


The  dielectric  behavior  as  a  function  of  field  induced  state  was  detemined  using  the 
following  methods:  (i)  low  field  capacitance  under  DC  bias  and  (ii)  the  slope  of  the  polanzation  E- 
field  hysteresis.  Both  methods  indicated  similar  phase  switching  field  levels  EaF  as  indicated  by 
drastic'changes  in  K  and  loss,  though  the  level  of  K  peak  dielectnc  constants  were  quite  different 
depending  on  the  method  used. 

The  high  field  longitudinal  strain  behavior  revealed  somewhat  unexpected  results, 
increasing  continuously  with  applied  field  without  a  clear  indication  of  ^e  completion  of  tjje  AP  to 
pSasI  cLnge.  The  longitudinaJ  strains  of  the  phase  switching  field  Eaf.  defined  by  the 
dielectnc  measiLment  methods,  were  all  less  than  0.2%,  increasing  to  more  than  0  5%  without 
substantial  increase  in  polarization.  A  large  tncrcase  in  volume  strain  was  expected  at  Eaf  owing 
to  the  larger  unit  cell  of  the  FE  rhombohedral  phase  relative  to  ^  AF  tetragonal  one.  The  volume 
strain,  however,  continued  to  increase  substantially  even  in  the  FE  phase. 
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[57]  ABSTRACT 

An  ultrasonic  electrostrictive  transducer  for  trMsmit- 
ting  and  receiving  ultrasonic  energy  and  having  an 
expanded  operating  temperature  range,  preferably 
about  room  temperature.  The  uansducers  may  be  made 
from  PMN-PT  solid  solutions  having  select  mole  per¬ 
centages  of  PT  and  being  doped  with  La,  whereby  the 
operating  temperature  range  about  a  given  operating 
temperature  may  be  effectively  doubled. 
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ELECTROSTRICnVE  ULTRASONIC  PROBE 
HAVING  EXPANDED  OPERATING 
TEMPERATURE  RANGE 

FIELD  OF  THE  INVENTION 

This  invention  relates  to  ultrasonic  transducers  and, 
more  particularly,  to  an  ultrasonic  transducer  made 
from  a  relaxor  ferroelectric  solid  solution  which  pro¬ 
vides  an  expanded  operating  temperature  range,  prefer¬ 
ably  in  the  vicinity  of  room  temperattire. 

BACKGROUND  OF  THE  INVENTION 

Ultrasonic  transducers,  which  transmit  and  receive 
ultrasonic  waves,  enable  one  to  view  the  interior  of  an 
object  noninvasively.  They  have  a  wide  variety  of  ap¬ 
plications — a  major  use  being  ultrasonic  imaging  of  the 
human  body  as  a  medical  diagnostic  tool. 

Ultrasonic  transducers  utilize  piezoelectric  properties 
to  convert  electrical  energy  into  mechanical  energy 
(i.e.,  an  electrical  signal  applied  to  the  transducer  gener¬ 
ates  a  mechanical  sound  wave  which  is  sent  into  the 
body),  and  vice  versa,  convert  mechanical  energy  back 
into,  electrical  energy  (i.e.,  the  sound  wave  reflected  off 
an  internal  organ  is  converted  back  to  an  electrical  25 
signal  and  sent  to  an  imaging  device).  The  more  effi¬ 
ciently  the  transducer  performs  This  energy  conver¬ 
sion,  the  stronger  the  signal.  Two  important  measures 
of  the  strength  and  sensitivity  of  the  transducer  material 
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troUable  sensitivity  which  makes  it  suitable  for  such 
applications  as  a  variable  aperture  probe,  e.g.,  wherein 
an  ultrasonic  beam  is  electronically  scanned  in  the  X- 
direction  and  controlled  in  the  Y-direction  by  a  bias 
voltage.  Another  application  is  a  two-dimensional  ar¬ 
ray,  e.g.,  a  crossed-array  electrode  type  2D  probe, 
wherein  the  piezo-active  region  can  be  selected  in  space 
and  in  time  by  D.C.  bias  field  switching  and  a  selected 
region  is  mechanically  isolated  by  a  passive  polymer. 

Several  material  families  have  been  evaluated  as  po¬ 
tential  candidates  for  electro-strictire  transducer  appli¬ 
cation.  Two  examples  of  such  materials  include  lead- 
magnesium-niobate  modified  with  lead  titanate  (PMN- 
PT),  and  barium-strontium-titanate  (BST).  The  temper¬ 
ature  dependence  of  polarization  and  dielectric  constant 
for  these  different  electrostrictive  materials  is  illustrated 
in  FIGS.  1-2. 

The  temperature  dependent  behavior  of  BST  is  illus¬ 
trated  in  FIG.  1.  This  is  a  material  having  “normal” 
ferroelectric  behavior,  that  is,  the  temperature  of  the 
dielectic  maxima  Tmax  substantially  coincides  with  dis¬ 
appearance  of  polarization  T</.  Thus  below  Tm<u>  BST 
exhibits  a  stable  remanent  polarization  after  the  applied 
D.C.  bias  is  removed.  Such  remanence  in  polarization 
defeats  the  goal  of  providing  a  transducer  with  control¬ 
lable  sensitivity.  To  operate  above  Tmax.  BST  requires  a 
relatively  large  electric  field  to  achieve  the  required 
polarization  and  is  thus  difficult  to  make  into  a  practical 


of  the  strength  and  sensitivity  of  the  transducer  material  device  where  the  goal  is  to  minimize  the  field  applied  to 
are  the  electromechanical  coupling  factor  k,and  dielec-  30  transducer  from  the  consideration  of  patient  safety, 
trie  constant  K.  Another  type  of  electrostrictive  material  is  a 

Another  important  factor  in  medical  ultrasomc  imag-  «relaxor”  ferroelectric,  e.g.,  PMN— PT.  In  relaxor  fer- 
ing  is  the  stability  and  reproducabUity  of  the  response 
over  the  operating  temperature  range.  Medical  trans¬ 
ducers  are  intended  to  operate  at  room  temperature  35 
(i.e.,  about  25*  C.).  However,  in  practice  the  tempera¬ 
ture  in  the  room  may  actually  be  much  lower  (e.g.,  15* 

C.  or  lower),  and  the  probe  may  heat  up  during  normal 
use  to  a  much  higher  temperature  (e.g.,  40*  C.  and 
above).  These  temperature  variations  can  have  a  sub-  40 
stantial  effect  on  ^e  transducer  output  for  matetiab 
whose  electromechanical  properties  are  temperature 
dependent 

Ultrasonic  transducers  for  medical  applications  have 
been  fabricated  from  piezoelectric  materials  such  as  45 
zirconate  titanate  (PZT)  ceramics.  It  is  also  known 
to  fabricate  transducers  from  a  material  which  is  highly 
polarizable  by  application  of  a  D.C.  bias  voltage,  the 

_  ^  _ B  miirti  r.noler  room,  or  when  the  device  heats  up. 


roelectric  materials,  the  temperature  of  the  dielectric 
maxima  Tmax  is  substantially  higher  than  the  tempera¬ 
ture  corresponding  to  the  diMppearance  of  polarization 
Trf.  Thus,  the  operating  temperature  range  for  a 
PMN — PT  type  of  material  is  between  Td  and  Tmax  as 
illustrated  in  FIG.  2.  PMN  is  a  relaxor  material  having 
a  diffuse  phase  transition,  which  produces  a  broadened 
dielectric  maxima.  PT,  a  normal  ferroelectric,  forms  a 
soUd  solution  with  the  relaxor  PMN;  the  amount  of  PT 
ran  be  increased  to  increase  Tmax-  However,  this  does 
not  increase  the  operating  temperature  range,  but  sim¬ 
ply  shifts  it  upwardly.  A  PMN — PT  solid  solution  hav¬ 
ing  approximately  90  mole  %  PMN  and  10  mole  %  PT 
has  been  proposed  for  use  as  an  ultrasonic  transducer, 
having  an  operating  temperature  range  of  about  25*  C. 
around  room  temperature  Q.e.,  a  Trfof  15*  C.  and  Tmax 


D.C.  bias  voltage  and  no  longer  ej^bits  piezoelectric 
properties.  This  property  of  tuning  the  piezoelectric 
effect  ON  or  OFF  by  the  presence  or  absence  of  a  D.C. 
bias  voltage  can  be  observed,  for  example,  in  materials 
which  are  preferably  maintained  in  the  vicinity  of  their  55 
ferroelectric  to  paraelectric  phase  transition  tempera¬ 
tures.  The  ferroelectric  phase  exhibits  piezoelectric 
properties  whereas  the  paraelectric  phase  does  not. 
Materials  having  the  above  described  D.C.  bias  voltage 
dependent  properties  are  referred  to  herein  as  "electro¬ 
strictive”  materials. 

Conventional  ultrasonic  transducers  use  piezoelectric 
materials  which  exhibit  a  remanence  in  polarization 
after  the  applied  D.C.  bias  is  removed.  Thus  the  piezo¬ 
electric  activity  and  consequently  the  sensitivity  of  the  65 
transducer  is  a  constant,  and  does  not  change  apprecia¬ 
bly  with  temperature.  However,  using  an  electrostric¬ 
tive  matt-rial,  one  Can  provide  a  transducer  tvith  con- 
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a  much  cooler  room,  or  when  the  device  heats  up. 

It  is  an  object  of  this  invention  to  provide  an  electro¬ 
strictive  transducer  material  having  an  expanded  oper¬ 
ating  temperature  range,  and  relatively  small  variations 
of  sensitivity  with  temperature. 

SUMMARY  OF  THE  INVENTION 

An  electrostrictive  material  has  been  found  having  a 
broad  operating  temperature  range,  which  range  may 
be  in  the  vicinity  of  room  temperature,  making  it  very 
suitable  for  ultrasonic  transducer  applications.  The  ma¬ 
terial  comprises  a  select  composition  range  of  lantha¬ 
num  doped  PMN-PT  solid  solutions,  and  the  resulting 
operating  range  may  be  effectively  doubled  to  about  48* 
C.  The  doping  will  provide  an  ample  margin  on  each 
side  of  a  desired  operating  temperature,  for  example 
room  temperature  (25*  C.).  This  select  composition 
range  also  provides  lower  variations  in  transducer  sensi- 
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tivity  with  temperature  than  prior  art  matcnals  used  in 
the  fabrication  of  electrostrictive  transducers. 

Compositions  suiuble  for  use  in  practicmg  this  mven- 
tion  inc^de  a  soUd  solution  oflead  magn«ium  ^obate 
PMN  and  lead  titanate  PT  which  is  doped  wth  l^Aa-  5 
num  La  in  accordance  with  the  foUowmg  formula  I: 

wherein  x  and  y  are  on  the  order  of  10 

10^x^30  mole  % 

0.5  =  y=3  mole  % 

and  □  represents  a  vacancy  at  the  Pb  site. 

By  varying  x,  which  represents  the  PMN:PT  ratio 
witWn  formula  1,  there  is  a  resulting  change  m  tempera-  jj 
ture  Tnuuc.  and  a  change  in  the  optimum  amount  of 
lanthanum  doping  and  resulting  operatog  range.  For 
transducers  having  an  expanded 

range  around  room  temperature,  (i.e.,  ateut  25  C.)  tne 
oreferred  ranges  are  selected  from  the  following; 

^  (a)  y  on  the  order  of  1  mole  %  and  x  is  on  the  order 

of  12.5-17.5  mole  %;  .  .  j 

(b)  y  on  the  order  of  2  mole  %  and  x  is  on  the  order 

of  17-22  mole  %:  and  . 


a  given  Tnrnx-^-g-.  about  40*  C.,  compound  (a)  will 
have  90:10  of  PMNiPT,  and  compound  (b)  will  have 
85:15  of  PMN:PT  and  1  mole  %  La; 

FIG  9  is  a  graph  showing  the  operatmg  temperature 
5  range  (Tmox-Trf)  for  PMN-PT  with  and  without  1 

mole  %  La;  , 

FIG.  10  is  a  graph  of  Tmix  vs.  imax—^d  ‘Or 
PMN— PT  with  and  without  1  mole  %  La,  showmg 
that  for  a  pven  Tmax,  say  50*  C.,  there  is  a  significant 

10  difference  in  Tmox —  T-f.  .... 

FIG.  11  is  a  graph  showing  the  sensitivity  chMge 
with  temperature  for  a  prior  art  PMN— FT  composition 
with  and  without  D.C.  bip;  note  that  the  remanence  in 

sensitivity  exists  up  to  20*  C.;  ,  .  ,  • 

15  FIG.  12  is  a  graph  showing  the  greatly  reduced  sensi¬ 
tivity  change  with  temperature  for  a  PMN-^  t^m- 
position  of  this  invention  with  and  without  D.C.  b^; 
note  that  the  remanance  in  sensitivity  (w/o  D.C.  bias)  is 

pushed  to  a  lower  temperature;  ^  irr 

20  fig.  13  is  a  graph  showing  the  preferred  PMN  r 


composition  ranges  of  this  invention; 

FIG  14  is  a  cross-sectional  view  of  an  ultrasomc 
probe  incorporating  the  PMN-PT  composition  of  this 


of  17-22  mole  %;  and  .  .  j 

(c)  y  on  the  order  of  3  mole  %  and  x  is  on  the  order  ^  ^  perspective  view  of  an  ultrasonic  probe 

of  23-28  mole  %.  in  this  havine  an  array  of  transducer  elements  made  from  the 

A  specific  S-PT  composition  of  this  invention; 


of  23-28  mole  %.  .  .Wc 

A  specific  preferred  composition  desenb^  m  this 
™uSh  Jo.  the  order  of 15  mole  %  PT  ^  o. 
the  order  of  y=l  mole  %  U,  and  ^bits  a  48  C. 
operating  range  of  from  —7  C.  to  41  C. 

*^other  specific  composition,  having  a  lower  t(^ 
oerature  limit,  has  on  the  order  of  x=  13.5  mole  %  ^ 
K^fheorierofy=l  „ol.«  ^mtd  m^htb.dd 
c.  operating  range  of  from  -15  C.  to  31 

Still  another  specific  mnlf  % 

temperature  limit,  has  on  the  order  of  x=  17.5  mole  % 
PT  and  on  the  order  of  y  =  1  mole  %  La*  “4  exhibits 
33*  C.  operation  range  of  from  18*  C.  to  55  C. 

In  ano^er  aspect  of  the  invention  there  is  provided  a 
method  of  expanding  the  o^g  tem^iatme  r^ge 


no.  lOtt  »  ®  - - - r---  , 

_ PT  rodrpolymer  composite  made  from  tne 

PMN _ PT  composition  of  this  invention;  and 

FIG.  16b  is  a  schematic  represenution  of  a  2:2 
PMN — PTrpolymer  composite. 

detailed  description 

According  to  the  present  invention,  an  electrostnc- 
tive  material  is  provided  consisting  of  a  select  rmp  ot 
STtlSum  dop^  PMN-PT  solid  solutions  which  en¬ 
able  the  production  of  an  ultrasonic  probe  having  an 
expanded  operatmg  temperatme  r^ge  ^^^ 


__  .  —  _/■¥ _ tn  nrnduce  the  com-  1 _  ..nmmratiirp  sensitlVltV.  FIGS.  3-5  SHOW  uic 


SV'^d  mor%  Of  uiTseTe;;^  to  produce  the  com-  'Zoi  temperature  sensitivity.  FIGS.  J-5  show  the 
Sed  tower  imd  upper  limits  of  a  broadened  operatmg  temperature  dependence  of  various  properties  of  a 
temnerature  range  for  a  particular  transducer  appUca-  pMN— PT  system.  ,  j.  ,  .  •  ,.„„ctanf  K 

temperature  ^  y  piG.  3  shows  the  variation  of  dielectnc  coKtot  K 

“LHPDBSCKmTONOP™BOa.WfNOS  ^ 

FIG  1  is  a  graph  showing  the  temperature  depen-  pjQ  4  ^jj^ws  the  variation  m  thickness  coupli^ 
d^  of  the  r^ent  polarization  Pg  and  dml^c  coefficient  k,  at  a  given  D.C.  bi^  r 

constant  K  for  a  “normal”  ferroelectnc  material  ^SD.  coupling  coefficient  is  relabvely 

FIG.  2  is  a  graph  showing  the  temperatoe  depen-  temperatures,  and  then  drops  off  near  Tm«-  For  opt  - 

dence  of  the  remanent  polarization  Pg  and  dielwtnc  coupling  efficiency  and  highwt  sensiuvity. 

constant  K  for  a  “rclaxor”  ferroelectnc  material  be  desirable  to  operate  below  Tmox- 

fPMN— PT);  „  FIG.  5  shows  the  remanent  polarization  P/t  as  a^c- 

FIG.  3  is  a  graph  of  the  dielectric  constant  K  versus  temperature.  The  remanent  polarmtion  drops 

temperature  for  PMN-PT;  off  at  Trf.  Zero  remanent  polariza^n  is  desi^  for  a 

ITO.  4  is  a  graph  of  the  thickness  couplmg  wffimrat  ^^^ucer  which  can  be  switched  ON  and  OFF  with- 

k,  versus  tem?ei^ture  for  PMN-PT  at  a  given  D.C.  ^  ^sis.  Thus,  it  would  be  desirab  e  to  operate 

bias;  ,  ,  P»  above  Trfto  utilize  the  tunable  sensitivity  m  an  electro- 

FIG.  5  is  a  graph  of  the  recent  polarization  Pr  ^  transducer.  . 

versus  temperature  for  PMN-PT;  From  the  above  considerations,  it  v-  clear  that 

fig.  6  is  a  graph  Shouts  operating  temperature  range  for  an  eb  ostneuve  ma- 

ization)  in  PMN-PT  when  the  electnc  field  is  with  ^ 


&  IS  a  grapu  - —  r — 

versus  temperature  for  PMN  PT;  _ 

FIG  6  is  a  graph  showing  hystersis  (rei^rat  po  * 
in  PlS-PT  when  the  electric  field  is  with- 


ization)  in  PMN-PT  when  the  electnc  field  is  witn-  ^  ^  .....  p 

drawn;  ii„  hvsteresis  FIG.  6,  a  plot  of  polarization  P  veisui  electnc  fteld  , 

FIG.  7  is  a  graph  showmg  65  shows  a  material  having  undesirable  hysteresis  (rema¬ 
in  pmN-PT  when  the  electric  field  “  “  Snl^^tion)  at  theVating  temperature.  As  the 

FIG.  8  is  a  graph  showmg  the  change  “  field  is  increased,  the  domains  are  organized 

sured  at  1  kHz  for  a  PMN-^  sy^^  tne^^g  d«mc  ^1^^^^ 

mole  %  PT.  with  and  without  1  mole  %  La,  to  acmeve  anu  uic 
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When  the  electric  field  is  removed,  the  polarization  FIG.  10  compares  the  opierating  temperatwe  range 
does  not  return  to  zero  but  rather  a  remanent  polariza-  (T/na*— T</)  to  Tmax  for  the  same  prior  art  and  inventive 

tion  P/j  remains,  i.e.,  the  transducer  cannot  be  fully  compositions  (curves  a  and  b  respectively).  For  a  de- 

tumed  off.  In  contrast  with  FIG.  6,  the  desired  non-hys-  fined  Tmax  of  50”  C.  as  shown,  the  operating  range  of 

teresis  behavior  is  shown  in  FIG.  7.  Here  when  the  5  the  composition  of  this  invention  (curve  b)  is  substan- 
electric  field  is  turned  off,  the  polarization  returns  to  tially  greater  than  that  of  cu^e  a. 
zero.  There  is  complete  control  (and  reproducibility)  FIG.  11  is  a  graph  showing  the  sensitivity  change 
over  the  polarization  by  changing  the  applied  field.  with  temperature  for  the  same  prior  art  PMN  PT 

It  would  be  desirable  to  expand  the  operating  temper-  composition  (PMN:PT  of  90:10)  with  and  without  D.C. 

ature  range  (Tmax-Trf)  where  the  material  exhibits  a  10  bias.  There  is  an  undesirable  remanence  in  sensitivity  up 
fully  controllable  and  reproducible  polarization  (be-  to  about  20"  C.  Also,  there  is  a  significant  undesirable 

tween  ON,  OFF  and  a  variable  ampbtude  therebe-  variation  in  sensitivity  with  temperature  (with  D.C. 

tween).  It  has  been  suggested  to  raise  Tm<»  by  increas-  bias). 

ing  the  mole  %  of  PT.  However,  this  just  shifts  the  FIG.  12  illustrates  the  sigmficant  improvement  m 
operating  range  higher,  without  expanding  it.  15  performance,  compared  to  the  compound  described  in 

In  accordance  with  this  invention  it  has  been  found  FIG.  11,  of  a  preferred  composition  of  this  invention 

that  the  operating  temperature  range  of  an  electrostric-  (PMN:PT:La  of  85:15:1)  in  the  vicinity  of  room  tempier- 

tive  ultrasonic  transducer  can  be  expanded  by  fabricat-  ature.  The  remanence  (without  D.C.  bias)  is  pushed  to  a 

ing  the  transducer  from  a  PMN— PT  solid  solution  that  lower  temperature  (al»ut  15"  C.).  The  level  of  rema- 

has  been  doped  with  lanthanum-  In  a  specific  embodi-  20  nance  relative  to  sensitivity  with  DC  bias  is  substan- 
ment  1  mole  %  La  is  added  to  various  PMN:PT  com-  tiaUy  small  even  at  0*  C.  For  the  prior  art  composition 

positions  as  set  forth  in  the  foUowing  Table  1,  to  pro-  (FIG.  11),  the  sensitivity  without  DC  bias  (remanant 

vide  the  HAtignat^H  increase  in  operating  temperature  sensitivity)  is  higher  than  the  sensitivity  with  DC  bi^ 

range  (i.e.,  Tma*— Tj).  The  thickness  coupling  coeflici-  up  to  approximately  13*  C.  In  contrast,  for  the  composi- 

ent  k,  as  set  forth  in  Table  1  was  measured  at  two  ap-  25  tion  of  this  invention  (FIG.  12)  the  sensitivity  curve 
plied  field  strengths  (5  kV/cm  and  10  kV/cm),  and  at  (with  D.C.  bias)  is  substantially  flatter,  signifymg  a 

three  operating  temperatures  (0*,  25"  and  50"  C.).  The  more  constant  relative  pulse-echo  sensitivity  over  an 

remanent  coupling  factor  k,„m  (with  zero  applied  field)  expanded  operating  temperature  range  m  the  vicmity  of 

was  also  measured,  along  with  the  saturation  field  £»/.  room  temperature. 

The  data  from  Table  1  is  plotted  in  FIGS.  8-10.  30  The  compositions  were  made  and  tested  as  substan- 


TABLE  1 


Thickness  CoudUbc  Factof  k,  Dau  for  PMN.PT  ComDOadons  With  0  and  1  Mole  %  La  at  0.  25  and  50  C. 

0’ 

25” 

50” 

k, 

k, 

ki 

kr 

k, 

5 

to 

5 

to 

5 

10 

Ejai 

mole  % 

mole  % 

kV/ 

kV/ 

(kV/ 

kV/ 

kV/ 

(kV/ 

kV/ 

kV/ 

(kV/ 

Sample 

U 

PT 

•c 

•c 

•c 

cin 

cm  kfrvm. 

cm) 

cm 

cm 

krrem. 

cm) 

cm 

cm 

knrm. 

cm) 

0 

O.IO 

IS 

40 

25 

0.43 

0.45  0.40 

2-3 

0.48 

0.48 

0 

3-4 

0.37 

0.44 

0 

5-6 

b) 

0 

0.125 

30 

52 

22 

0.41 

0.43  0.40 

2-3 

0.46 

0.45 

0.37 

3-4 

0.44 

0.49 

0 

6 

0 

0.15 

48 

68 

20 

0.45 

0.46  0.42 

3 

0.46 

0.47 

0.42 

3 

0.47 

0.48 

0 

3-4 

d) 

1 

0.125 

-20 

24 

44 

0.35 

0.44  0 

5-6 

0.34 

0.45 

0 

8-9 

0.3 

0.39 

0 

9-1 

c)  * 

0.135 

-15 

30 

45 

...  ... 

— 

... 

— 

— 

fl 

0.15 

-7 

41 

48 

0.43 

0.45  0 

4-5 

0.41 

0.47 

0 

7-8 

0.34 

0.44 

0 

8-9 

1 

0.175 

18 

55 

33 

0.43 

0.46  0.41 

4-5 

0.47 

0.46 

0.05 

5-6 

0.45 

0.46 

0 

7-8 

\ 

0.20 

34 

66 

32 

0.44 

0.46  0.40 

3-4 

0.46 

0.47 

0.31 

5-6 

0.46 

0.47 

0 

7-8 

0 

1 

0.225 

49 

78 

29 

0.45 

0.48  0.41 

3-4 

0.47 

0.48 

0.37 

4-5 

0.47 

0.48 

0.15 

5-6 

*  Interpolated 


Compositions  e  and  f  of  this  invention  exhibited  zero 
remanent  polarization  at  all  three  temperatures.  Com¬ 
position  f  (85%  PMN,  15%  PT,  1%  La)  had  the  broad-  50 
est  operating  range  (48*  C.),  with  an  ample  allowance 
on  each  side  of  room  temperature,  i.e.,  —7*  to  41*  C. 
Composition  e  had  the  lowest  Tj(— 20*  C.),  while  still 
having  a  sufficient  margin  above  25*  C.,  for  a  total 
range  of  44*  C.  Composition  g  had  the  highest  Tma*  (55*  55 
C.),  while  still  having  a  sufiicient  margin  below  25*  C., 
for  a  total  opierating  temperature  range  of  33*  C. 

FIG.  8  compares  the  effect  of  mole  %  PT  on  Tmox  (at 
1  KHZ),  for  the  prior  art  composition  without  La 
(curve  a:  PMN:PT  of  90:10),  and  for  the  composition  of  60 
thic  invention  (curve  b:  PMN:PT:La  of  85:15:1).  For  a 
defined  Tmax,  as  shown,  the  optimum  mole  %  PT  dif¬ 
fers  between  curves  a  and  b. 

FIG.  9  compares  the  effect  of  mole  %  PT  on  the 
operating  temperature  range  (Tnuar— Trf),  for  the  prior  65 
art  composition  without  La  (curve  a:  PMN:PT  of  90:10) 
and  for  the  composition  of  this  invention  (curve  b: 
PMN:PT:La  of  85:15:1). 


tially  described  in  N.  Kim  et  al.,  "Dielectric  and  Piezo¬ 
electric  Properties  of  Lanthanum-Modified  Lead  Mag¬ 
nesium  Niobium-Lead  Titanate  Ceramics,”  Ferroelec- 
trics,  1989,  Vol.  93,  pp.  341-349,  which  is  incorporated 
herein  by  reference. 

Other  preferred  compositions  of  this  invention  are 
shown  in  FIG.  13,  within  the  desired  ranges  of  x  on  the 
order  of  10-30  mole  %  and  y  on  the  order  of  0.5-3  mole 
%.  The  three  preferred  room  temperature  operating 
range  compositions  are: 

(a)  y  on  the  order  of  1  mole  %  and  x  on  the  order  of 
12.5-17.5  mole  %; 

(b)  y  on  the  order  of  2  mole  %  and  x  on  the  order  of 

17-22  mole  %;  and 

(c)  y  on  the  order  of  3  mole  %  and  x  on  the  order  of 
23-28  mole  %. 

FIG.  14  shows  one  embodiment  of  a  medical  ultra¬ 
sonic  imaging  probe  4  for  transmitting  and  receiving 
ultrasonic  energy  incorporating  the  transducer  material 
of  this  invention.  The  probe  has  a  relatively  thick, 
impedance-matching  backing  layer  9,  i,e.,  a  damping 
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layer  with  an  appropriate  acoustic  impedance  to  opti¬ 
mize  the  sensitivity,  bandwidth  or  pulse  length  of  the 
transducer.  The  transducer  7  has  electrical  conducting 
contact  layers  6  and  8  on  its  opposing  sides,  and  Ae 
composite  is  mounted  on  top  of  the  backing  layer  9.  The  5 
bias  and  excitation  voltages  are  applied  across  the  trans-  v 
ducer  layer  7  as  shown.  An  impedance  matching  layer 
(or  layers)  5  may  be  provided  above  the  transducer  and 
fmaUy  a  lens  10  above  layer  5  for  focussing  the  acoustic  a 
beam.  Acoustic  energy  generated  in  the  transducer  10  t 
array  is  transmitted  through  the  impedance  matchmg  r 
layer  5,  focussed  by  lens  10  and  sent  into  the  object 
under  examination,  i.c.,  the  human  body.  ' 

Alternatively,  the  probe  may  include  an  array  of  tern  r 

or  hundreds  of  transducer  elements  arranged  on  a  back-  15  t 

ing  layer,  each  element  being  physically  sep^ated  so  it 
can  be  individually  energized  (FIG.  15).  In  this  embodi¬ 
ment.  separate  parallel  and  spaced  transducer  elements 
20a  et  seq.  are  arranged  between  backing  matena^l 
and  separate  acoustic  matching  layers  22a  et  seq.  ^e  20 
field  is  applied  by  common  electrc^e  M  and  a  plurahty 
of  connections  24a  et  seq.  for  poling  in  the  designated 
thickness  direction.  An  acoustic  lens  25  is  provided 
above  acoustic  matching  layers  22.  „ 

The  transducer  of  this  type  may  have  apphcations  25 
other  than  as  a  probe  with  controllable  sensitivity,  as 
previously  described.  Other  apphcations  include  use  as 
a  variable  aperture  probe,  e.g.,  an  idtrasonic  beam  a 
electronically  scanned  in  the  X-direction  and  controlled 
in  the  Y-direction  by  a  bias  voltage.  Another  appUca-  30 
tion  is  as  a  two-dimensional  array,  e.g.,  a  crossed-array 
electrode  type  2D  probe,  wherein  the  piezo-a^ve  re¬ 
gion  can  be  selected  in  space  and  in  tiine  by  a  DC  bi^ 
field  switching  and  a  selected  region  is  mecl^c^y 
isolated  by  a  passive  polymer.  It  may  also  be  desmble  35 
to  utilize  the  lanthanum  doped  PMN — FT  composiuoM 
of  this  invention  as  a  composite  material  (i.e.,  mixed 
with  a  polymer  such  as  epoxy  or  polyurethane)  m  order 
to  for  example,  improve  coupling  of  acoustic  energy 
from  the  transducer  to  the  body,  or  to  reduce  unwanted  40 
lateral  vibrations  when  used  in  array  ultr^nic  trans¬ 
ducers.  Such  a  composite  configuration  is  shown  m 
FIGS.  I6a  and  16b,  wherein  the  PMN — ^  composi¬ 
tion  of  this  invention  is  provided  as  rods  in  a  1:3  rod:- 
polymer  composite  (FIG.  16a),  or  as  layers  m  a  2:2  45 
PMN— PT:polymer  composite  (FIG.  166). 

While  there  have  been  shown  and  described  what  are 
presently  considered  the  preferred  embodiments  of  the 
present  invention,  it  wiU  be  obvious  to  those  sl^ed  m 
the  art  that  various  changes  may  be  made  therem  wth-  50 
out  departing  from  the  scope  of  the  invention  as  defined 
by  the  appended  claims.  For  example,  while  the  pre¬ 
ferred  embodiment  was  directed  towards  increasmg  the 
stability  and  sensitivity  with  temperature  of  an  electro- 
strictive  ultrasonic  transducer  operated  in  the  vicmity  55 
of  room  temperature  (25*  C),  similar  benefits  nmy  be 
realized  for  operating  temperatures  above  or  l»low 
room  temperature  through  modifications  of  the  raUos  of 
PMN,  PT  and  lanthanum. 

What  b  claimed  is: 

1.  In  an  ultrasonic  probe  having  an  electrostnctive 
transducer  for  transmitting  and  receiving  ultrasonic 
energy,  and  having  electrical  contacts  attached  to  the 
transducer  for  connection  to  a  source  that  selectively 
appUes  an  electric  field  to  the  transducer,  the  improve-  65 

ment  comprising:  . 

the  transducer  being  fabricated  from  a  material  com¬ 
prising  a  solid  solution  of  lead  magnesium  niobate 


PMN  and  lead  titanate  PT  and  being  doped  with 
lanthanum  La  according  to  the  formula: 

wherein  x  and  y  are  on  the  order  of 
10=x=30  mole  % 

0.5=y  =  3  mole  %. 

and  D  represents  a  vacancy  at  the  Pb  site,  wherein  the 
transducer  provides  an  expanded  operating  temperature 

range.  . 

2.  The  probe  of  claim  1,  wherem  the  transducer  pro¬ 
vides  an  expanded  operating  temperature  range  around 
room  temperature  and  includes  a  solid  solution  selected 
from  the  group  consisting  of: 

(a)  y  on  the  order  of  1  mole  %  and  x  on  the  order  of 

12.5-17.5  mole  %; 

(b)  y  on  the  order  of  2  mole  %  and  x  on  the  order  of 
17-22  mole  %;  and 

(c)  y  on  the  order  of  3  mole  %  and  x  on  the  order  of 
23-28  mole  %. 

3.  The  probe  of  claim  2,  wherein  x  is  on  the  order  of 
15%  and  y  is  on  the  order  of  1%. 

4.  The  probe  of  claim  2,  wherem  x  is  on  the  order  of 
17  5%  and  y  is  on  the  order  of  1%. 

5.  The  probe  of  claim  2,  wherein  x  is  on  the  order  of 

13.5%  and  y  is  on  the  order  of  1%. 

6.  The  probe  of  claim  1,  wherein  the  transducer  com¬ 
prises  a  composite  of  polymer  and  the  PMN:PT.La 

solid  solution.  .  . 

7.  An  electrostrictive  transducer  for  transmittmg  and 
receiving  ultrasonic  energy,  comprising: 

a  backing  layer; 

at  least  one  electrostrictive  transducer  element  dis¬ 
posed  on  the  backing  layer;  and 
electrical  contacts  attached  to  the  transducer  element 
and  connectable  to  a  source  for  selectively  produc¬ 
ing  electric  fields  in  the  transducer  element, 
wherein  the  transducer  is  fabricated  from  a  matei^ 
)  comprising  a  solid  solution  of  lead  magnesium  nio¬ 
bate  PMN  and  lead  titanate  PT  and  is  doped  with 
lanthanum  La  according  to  the  formula: 


Pb\ -xTi^Oi 


wherein  x  and  y  are  on  the  order  of 

10gxS30  mole  % 

0.5— »y=3  mole  %. 

and  □  represents  a  vacancy  at  the  Pb  site,  wherem  the 
transducer  provides  an  expanded  operating  temperature 
ranyg- 

8  The  transducer  of  claim  7,  wherem  the  transducer 
provides  an  expanded  operating  temperature  range 
around  room  temperature  and  includes  a  solid  solution 
selected  from  the  group  consisting  of: 

(a)  y  on  the  order  of  1  mole  %  and  x  on  the  order  of 
12.5-17.5  mole  %; 

(b)  y  on  the  order  of  2  mole  %  and  x  on  the  order  of 
17-22  mole  %;  and 

(c)  y  on  the  order  of  3  mole  %  and  x  on  the  order  of 

23-28  mole  %.  .... 

9.  The  transducer  of  claim  8,  wherein  x  is  on  the 
order  of  13.5  to  17.5  mole  %  and  y  is  on  the  order  of  1 
mole  %. 

10.  A  method  of  expanding  the  operatmg  temperature 
range  of  an  ultrasonic  probe  comprising: 

providing  an  electrostrictive  transducer  for  transmit¬ 
ting  and  receiving  ultrasonic  energy,  and  electrical 
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contacts  attached  to  the  transducer  for  connection 
to  a  source  that  selectively  applies  an  electric  field 
to  the  transducer,  wherein  the  transducer  com¬ 
prises  a  solid  solution  of  lead  magnesium  niobate  ^ 
PMN  and  lead  titanate  FT;  and 
selecting  the  relative  mole  %  of  PMN  and  PT  and 
doping  with  a  mole  %  lanthanum  La  according  to 
the  formula; 

10 

Pb\-{in)y^f^ynUMg\nNbi/i)\^xTi:ii<>i  (1) 

wherein  x  and  y  are  on  the  order  of 

10=x^30mole%  IS 

0.5Sy=3  mole  %. 


10 

and  □  represents  a  vacancy  at  the  Pb  site,  in  order  to 
expand  the  operating  temperature  range. 

11.  The  method  of  claim  10,  wherein  the  transducer 
provides  an  expanded  operating  temperature  range 
arotmd  room  temperature  and  includes  solid  solutions 
selected  from  the  group  consisting  of; 

(a)  y  on  the  order  of  1  mole  %  and  x  on  the  order  of 
12.5-17.5  mole  %; 

(b)  y  on  the  order  of  2  mole  %  and  x  on  the  order  of 
17-22  mole  %\  and 

(c)  y  on  the  order  of  3  mole  %  and  x  on  the  order  of 
23-28  mole  %. 

12.  The  method  of  claim  11,  wherein  x  is  on  the  order 
of  13.5  to  17.5  mole  %  and  y  is  on  the  order  of  1  mole 
%. 

•  •  •  •  • 
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The  effect  of  the  amount  of  sulfate  flux  (Li.S04-Na2S04)  on  the  phase  stability  and  dielectric  properties 
of  lead  magnesium  niobate  ceramics  prepared  by  molten  salt  synthesis,  has  been  studied  as  a  function 
of  calcining  and  sintering  temperatures.  The  percentage  of  perovskite  phase  tended  to  increase  with 
increasing  the  amount  of  flux  and  calcination  temperature.  When  powders  containing  the  same  amount 
of  flux  with  respect  to  starting  oxides  were  calcined  at  750®C  for  2  h,  the  pyrochlore  phase  was  about 
2%.  Above  800°C.  the  perovskite  phase  was  stable  at  about  97%  regardless  of  the  amount  of  flux. 
However,  the  increase  of  the  amount  of  sulfate  flux  resulted  in  an  increase  of  the  average  particle  size 
and  a  decrease  of  dielectric  constant.  These  results  can  be  explained  by  the  sinterability  and  micro¬ 
structure  analysis. 

Keywords:  molten  salt,  particle  size,  perovskite  phase,  dielectrics,  microstructure, 
Pb(Mg^,Nb^)0, 


INTRODUCTION 

There  have  been  many  studies  in  Pb(Mgi/3Nb2/3)03  (PMN)  and  PMN  based  ma¬ 
terials  because  of  their  high  dielectric  constant  and  electrostrictive  strain  coeffi¬ 
cient. Many  processing  methods  for  various  applications,  e.g.,  multilayer  capac¬ 
itors  and  electrostrictive  devices,  have  been  introduced.^"^  Molten  salt  synthesis 
(MSS)  process  is  one  of  the  preparation  processes  for  obtaining  high  purity  powders 
at  a  relatively  low  temperature  with  the  control  of  powder  morphology.  The  reaction 
between  oxides  can  be  accelerated  by  adding  a  proper  salt  which  behaves  as  a  flux 
at  its  melting  point.  A  number  of  salts  such  as  KCl,  NaCl-KCl  and  Li2S04-Na2S04 
have  been  used  in  various  ferrite  systems.^  In  addition,  molten  salt  synthesis  using 
chloride  flux  has  recently  been  used  to  form  single  phase  complex  perovskite 
compounds  which  include  PbNbiOg,  BaTiOs,  PMN  and  PFN  etc.*"" 

In  this  study,  an  eutectic  composition,  0.635Li2S04-0.365Na2S04  is  used  because 
of  a  lower  melting  point,  594°^  compared  to  the  melting  point  of  chloride  salt. 


tPermanent  address:  Department  of  Electronic  Materials  Engineering,  The  University  of  Suwon, 
Suwon,  Korea. 
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This  paper  describes  the  effects  of  the  amount  of  the  flux  on  perovskite  phase  and 
powder  morphology  in  molten  salt  synthesis  using  Li2S04-Na2S04.  Also,  the  in¬ 
fluences  of  particle  size  on  sinterability  and  dielectric  properties  of  PMN  ceramics 
are  investigated. 


EXPERIMENTAL  PROCEDURE 

Lead  magnesium  niobate  ceramics  were  prepared  by  molten  salt  synthesis  (MSS) 
method  using  sulfate  flux.‘“  The  eutectic  composition  of  0.635Li2S04-0.365Na2S04 
salts  was  prepared  and  mixed  with  reagent  grade  starting  oxides.  PbO.  MgO  and 
Nb205  according  to  W  (wt.  of  salts/wt.  of  oxides).  After  milling  the  mixture  in 
ethanol  for  15  h  with  zirconia  balls,  the  slurry  was  dried  at  120°C.  The  dried  powders 
in  covered  alumina  crucibles  were  fired  at  temperatures  from  650°C  to  850°C  for 
2  h.  The  products  were  washed  with  deionized  water  several  times  until  no  free 
SO4"  ions  were  detected  using  a  barium  nitrate  solution  and  then  were  dried  at 
120°C.  The  powders  after  washing  were  analyzed  by  atomic  absorption  spectroscopy 
and  inductively  coupled  plasma  (Labtest,  Plasmascan  710)  techniques  in  order  to 
detect  remaining  impurities.  Average  particle  size  was  determined  by  laser  particle 
analyzer  (Malvern  S3.01).  The  powders  were  pressed  into  disks  of  12  mm  in  di¬ 
ameter  at  a  pressure  of  1500  kg/cm^  with  the  addition  of  a  .1 .5  wt%  polyvinyl  alcohol 
(PVA)  solution  as  a  binder.  The  pellets  were  buried  in  the  powder  of  the  same 
composition  to  minimize  PbO  loss  during  heating,  and  sintered  in  the  air  at  tem¬ 
peratures  ranging  from  900®C  to  1200‘’C  for  4  h. 

X-ray  diffractometer  (Rigaku,  290612  A14)  with  Cu-Ka  radiation  was  used  to 
determine  the  relative  amount  of  the  perovskite  phase  of  calcined  powders  and 
sintered  specimens  as  found  in  Reference  5.  The  microstructure  of  fracture  surface 
for  specimens  was  observed  by  SEM  (ASI  DS  130).  Specimens  for  dielectric  mea- 

TABLE I 


Percentage  of  perovskite  phase  synthesized  in  suifate  flux 
(W  -  flux  weight/PMN  weight) 


w 

Calcination  leap. 

B 

1.0 

B 

650TC 

:« 

4X 

3X 

7001C 

40X 

39X 

22X 

7501C 

93X 

98X 

97X 

8001C 

96X 

97X 

97X 

850TC 

97X 

97X 

97X 
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FIGURE  I  SEM  photographs  of  PMN  powders  calcined  at  800"C  for  2  h  in  various  sulfate  fluxes, 
(A)  W  =  0.2,  (B)  VP  =  1.0  and  (C)  W  =  2.0. 


surement  were  prepared  from  sintered  pellets  by  polishing  the  faces  flat  and  by 
firing  on  silver  electrodes  at  750®C.  The  dielectric  properties  were  measured  at  100 
Hz  using  a  LCR  meter  (ANDO,  AG4303)  and  a  temperature  controller  cooling  it 
from  100°C  to  -SOX. 
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TABLE  II 


Amount  of  impurities  by  AA  and  ICP  analysis  (wt%) 


Impurity 

Li 

Na 

SO42- 

V 

0.2 

0.007 

0.017 

0.030 

2.0 

0.009 

0.015 

0.039 

TABLE  III 

Characteristics  of  powders  prepared  at  various  conditions 


Specimen 

Characteristics 

SP 

HP 

LP 

Calcination  condition 

800*Ca  22i 

800‘C.  2h 

800‘C.  2h 

Amount  of  flux(V) 

0.2 

1.0 

2.0 

Perovskite  phase 

96X 

97X 

97X 

Average  particle  size 

l.SlAtB 

1.98;ua 

2.78/xb 

RESULTS  AND  DISCUSSION 

Table  I  shows  the  effect  of  the  amount  of  flux  on  PMN  phase  synthesized  in  sulfate 
flux  with  calcination  temperatures.  In  comparison  to  calcining  of  mixed  oxides 
process,^  molten  salt  synthesis  (MSS)  method  made  it  possible  to  form  a  high  purity 
PMN  phase  at  a  lower  temperature  such  as  750°C.  This  is  due  to  the  small  diffusion 
distances  of  constituent  oxides  and  the  high  mobility  of  species  in  Li2S04-Na2S04 
molten  salts  melted  around  —bOO^C.’  PMN  phase  having  the  pyrochlore  phase  of 
2-3%  was  obtained  above  750°C  when  W  was  over  1.0  and  this  pyrochlore  phase 
was  reduced  to  1-2%  for  all  specimens  after  sintering  at  nOO^C.  However,  for  W 
=  0.2,  the  amount  of  PMN  phase  present  was  smaller  compared  to  the  case  of  the 
other  amounts  of  flux.  It  is  because  the  amount  of  flux  was  too  small  to  promote 
the  dispersibility  and  reactivity  of  the  oxfdes  effectively.  No  significant  difference 
in  perovskite  phase  was  observed  above  800"C  regardless  of  the  amount  of  flux. 
However,  the  perovskite  phase  of  100%  was  not  obtained  even  with  the  increase 
of  calcining  temperature. 

Figure  1  shows  SEM  photographs  of  PMN  powders  calcined  at  800°C  for  2  h 
with  the  variation  of  the  amount  of  sulfate  flux.  With  the  increase  of  the  amount 
of  flux  from  W  =  0.2  to  W  =  2.0,  average  particle  size  increased.  This  is  attributed 
to  the  increase  of  spaces  and  rate  for  particle  growth  as  the  amount  of  sulfate  flux 
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FIGURE  2  Relative  density  and  linear  shrinkage  vs.  sintering  temperature  for  PMN  specimens. 


increases  as  well  as  the  cases  of  Ni  ferrite  system  studied  by  Kimura  et  al.’’  They 
reported  that  as  the  amount  of  sulfate  flux  increased  the  size  of  Ni-ferrite  particles 
increased  due  to  the  increase  of  the  reaction  rate.  But  no  significant  differences  in 
particle  shape  were  observed  with  increasing  the  amount  of  flux.  This  suggests  that 
the  particle  size  of  PMN  was  not  determined  by  the  growth  process,  but  by  the 
formation  process  regardless  of  the  amount  of  flux.^  Table  II  illustrates  the  results 
of  AA  and  ICP  analysis  in  order  to  investigate  the  effect  of  residual  impurities 
after  washing.  It  indicates  that  simple  washing  procedures  did  not  eliminate  Li  * , 
Na"^  and  S04~  completely  as  well  as  the  study  of  PZN.*^  However,  as  the  con¬ 
centration  of  all  impurities  appeared  to  be  independent  of  the  amount  of  flux,  it 
can  be  possible  to  disregard  the  effect  of  impurities  owing  to  the  variation  of  flux 
content  on  the  microstructural  and  dielectric  properties. 

Table  III  represents  the  characteristics  of  PMN  powders  by  MSS  method  in  order 
to  study  the  effects  of  particle  size  on  sinterability  and  dielectric  properties.  With 
variations  of  the  amount  of  flux  W  =  0.2  to  W  =  2.0,  particle  size  was  controlled 
as  shown  in  Figure  1(A),  (B)  and  (C).  Hereafter,  these  powders  will  be  designated 
as  SP,  MP  and  LP.  respectively.  The  perovskite  phase  of  96-97%  was  obtained 
for  all  powders  calcined  at  800°C  for  2  h.  The  average  particle  sizes  of  SP,  MP  and 
LP  by  laser  particle  analyzer  were  1.51  p,m.  1.98  fim  and  2.78  ixm,  respectively. 
The  green  densities  of  SP,  MP  and  LP  specimens  were  69.3,  67.5  and  64.2%, 
respectively. 

Figure  2  shows  the  relative  densities  and  linear  shrinkages  of  the  SP,  MP  and 
LP  specimens  as  a  function  of  sintering  temperature.  As  sintering  temperature 
increased,  the  relative  densities  of  all  specimens  increased.  The  SP  specimens  were 
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RGURE  3  SEM  photoeraphs  of  PMN  specimens  sintered  at  1000“C  for  4  h  with  various  particle 
sizes.  (A)  SP.  (B)  MP  and  (C)  LP. 

more  densified  than  the  MP  or  LP  specimens  at  .  a  temperature.  Linear  shrink¬ 
age  variations  showed  similar  tendencies.  In  case  of  sintering  at  IZOO^C  for  4  h, 
the  SP  specimens  had  the  relative  density  of  97%,  whereas  the  LP  specimens  had 
that  of  about  93%.  This  indicates  that  the  difference  of  particle  size  influences 
densification.  Figure  3  shows  the  SEM  photographs  for  the  fracture  surfaces  of  the 
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FIGURE  4  SEM  photographs  of  PMN  specimens  sintered  at  IZOO'C  for  4  h  with  various  particle 
sizes,  (A)  SP.  (B)  MP  and  (C)  LP. 

SP,  MP  and  LP  specimens  sintered  at  1000'’C.  Intergranular  fracture  surfaces  were 
observed  for  all  specimens  probably  due  to  a  weak  PbO  grain  boundary  phase."* 
The  LP  specimens  were  barely  densified  compared  to  the  SP  specimens  in  agree¬ 
ment  with  the  trend  of  the  values  of  relative  density  (Figure  2).  However,  sintering 
was  nearly  completed  at  1200°C  for  the  SP.  MP  and  LP  specimens  as  shown  in 
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X10* 


Sintering  teiperatureCC) 

FIGURE  5  Maximum  dielectric  constant  vs.  sintering  temperature  for  PMN  specimens. 
X10* 


FIGURE  6  Dielectric  constant  vs.  temperature  for  PMN  specimens  sintered  at  1200°C  for  4  h. 

Figure  4.  The  average  grain  sizes  (determined  by  a  linear  intercept  method)  of  the 
SP,  MP  and  LP  specimens  were  10.2  p,m,  9.6  p,m  and  8.7  pim,  respectively.  At  a 
lower  temperature  such  as  1000'’C  (Figure  3)  the  grain  sizes  in  the  SP  specimens 
were  smaller  than  that  in  the  LP  specimens,  while  at  1200°C  grain  sizes  in  the  SP 
specimens  were  larger.  It  is  suggested  that  the  smaller  particle  size  the  higher  the 
densification  rate  is  in  PMN  ceramics. 

Figure  5  shows  the  maximum  dielectric  constants  for  the  SP,  MP  and  LP  spec¬ 
imens  sintered  at  varit  ;>  temperatures  for  4  h.  Also  temperature  dependences  of 
dielectric  constant  and  dielectric  loss  for  the  specimens  sintered  at  1200°C  for  4  h 
were  shown  in  Figures  6  and  7.  All  of  these  properties  were  measured  at  100  Hz. 
Maximum  dielectric  constant  of  the  SP  specimens  sintered  at  1200°C  was  16500, 
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FIGURE  7  Dielectric  loss  vs.  temperature  for  PMN  specimens  sintered  at  1200°C  for  4  h. 


which  is  higher  than  those  reported  in  the  literatures  for  stoichiometric  PMN 
ceramics. It  can  be  explained  by  the  different  processes  used,  i.e.,  molten  salt 
synthesis  and  solid  state  (columbite)  method.  In  Figure  5,  with  the  increase  of 
sintering  temperature,  the  dielectric  constant  increased  and  the  SP  specimens  had 
higher  values  than  those  of  the  MP,  LP  specimens  at  each  sintering  temperature. 
Generally,  relating  to  microstructure,  the  dielectric  constant  has  a  dependency  on 
grain  size,  density  and  tends  to  increase  with  grain  size  in  the  Pb  based  ferro- 
electrics.5  ‘3  This  work  also  had  the  same  tendency  at  1200°C  in  that  the  SP  spec¬ 
imens  with  large  grains  had  a  higher  dielectric  constant  than  the  LP  specimens  with 
small  grains.  However,  at  a  lower  temperature,  such  as  1000'’C,  the  dielectric 
constant  of  SP  specimens  were  higher  despite  the  smaller  grain  of  the  SP  specimens. 
This  suggests  that  the  effects  of  density  on  dielectric  properties  were  greater  than 
those  of  the  grain  sizes  at  a  low  firing  temperature.  Apparent  porosity  of  the  SP 
specimens  was  about  7%  at  1000°C  whereas  that  of  the  LP  specimens,  was  about 
14%.  The  trend  of  dielectric  loss  agrees  with  that  of  dielectric  constant.  The  values 
of  maximum  dielectric  loss  was  relatively  low  in  comparison  to  those  by  solid  state 
synthesis  and  increased  with  the  increasing  of  sintering  temperature. 


CONCLUSIONS 

1.  In  PMN  prepared  by  molten  salt  synthesis  method,  the  percentages  of  per- 
ovskite  phase  was  different  with  the  variations  of  the  amount  of  flux.  When  the 
ratio  of  salt  weight  to  oxides  weight  is  over  1.0,  the  perovskite  phase  of  97-98% 
was  obtained  with  calcining  above  750'’C  for  2  h. 

2.  The  increase  of  the  amount  of  sulfate  flux  resulted  in  the  increase  of  particle 
size  and  correspondingly,  the  decrease  of  grain  size  at  a  saturated  sintering  tem¬ 
perature  of  1200°C. 

3.  Relating  to  microstructure,  dielectric  properties  depended  on  grain  size,  den¬ 
sity  and  showed  greater  dependency  on  density  rather  than  grain  size  at  a  relatively 
low  firing  temperature. 
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Electric  field  forced  phase  switching  in  La-modified  lead  zirconate  titanate 
stannate  thin  films 

K.  G.  Brooks,  J.  Chen,  K.  R.  Udayakumar,  and  L.  E.  Cross 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 
(Received  10  February  1993;  accepted  for  publication  2  October  1993) 

Electric  field  forced  antiferroelectric  to  ferroelectric  phase  switching  has  been  demonstrated  in 
thin  films  of  Pbo97Laoo2(Zr,Ti,Sn)03  perovskites  for  the  first  time.  Several  compositions  in  the 
tetragonal  antiferroelectric  phase  field  of  this  system  were  prepared  in  thin  film  form  by  a  sol-gel 
technique.  Forward  and  reverse  switching  threshold  fields  of  27-103  kV/cm  and  18-62  kV/cm, 
respectively,  were  determined  from  polarization-electric  field  hysteresis  and  incremental 
capacitance  data.  Switching  times  as  fast  as  300  ns  were  recorded  for  one  of  the  antiferroelectric 
compositions.  An  electric  field  induced  longitudinal  strain  of  0.16%  was  measured  for  a  film  of 
composition  (Pbo.97Laoo2)  (Zro.4oTio.ioSno.3o)03  using  a  laser  ultradilatometer.  These  films  are 
candidate  materials  for  high  charge  storage  integrated  capacitors  and  microelectromechanical 
devices  requiring  large  nonlinear  strain  response. 


I.  INTRODUCTION 

Research  in  the  area  of  ferroelectric  thin  films  is  being 
driven  by  the  market  potential  of  nonvolatile  memory 
devices.'"^  Due  to  the  piezoelectric  and  pyroelectric  prop¬ 
erties  of  these  thin  films,  applications  are  also  emerging  in 
the  field  of  microelectromechanical  systems  (MEMS).^ 
Ultrasonic  micromotors  utilizing  lead  zirconate  titanate 
(PZT)  thin  films^’*  and  pyroelectric  sensors  using  micro- 
machined  PbTi03  (PT)’  have  been  fabricated.  Thin  film 
materials  capable  of  large  strains  are  being  sought  for  a 
range  of  MEMS  applications  including  micromotors,  mi¬ 
crovalves,  and  micropumps.  Such  devices  will  be  utilized  in 
compact  medical,  automotive,  and  space  systems.  Candi¬ 
date  materials  include  tetragonal  antiferroelectric  perovs¬ 
kites  in  the  Pbo97Laoo2(Zr,Ti,Sn)03  (PLZTSn)  and 
Pbo.99(Zr,Ti,Sn,)o.9gNboo203  (PZTSnN)  systems. 

Tetragonal  antiferroelectric  (AFE)  PLZTSn  and 
PZTSnN  ceramics  of  compositional  proximity  to  the  mor- 
photropic  phase  boundary  with  the  rhombohedral  ferro¬ 
electric  phase  can  be  phase  switched  by  application  of  an 
electric  field  from  the  AFE  to  FE  states.  The  small  free 
energy  difference  between  the  two  phases  make  such 
switching  possible.'®  The  large  volume  difference  between 
the  AFE  and  FE  phases  dictates  that  large  strains  accom¬ 
pany  such  field  induced  phase  switching."  Irreversible  or 
field  assisted  switching  (shape  memory  effect)  occurs  when 
the  AFE  compKJsition  is  sufficiently  close  to  the  AFE-FE 
phase  boundary  that  the  electric  field  induced  FE  phase  is 
metastable,  with  the  free  energy  difference  being  less  than 
the  reverse  switching  threshold  field  energy.'^  The  AFE 
phase  can  be  recovered  by  thermal  annealing  or  application 
of  a  reverse  bias  field. Reversible  or  field  forced  switching 
occurs  in  compositions  outside  the  region  of  metastability. 

PLZTSn  and  PZTSnN  ceramics  have  been  investigated 
for  several  applications  over  the  past  40  years  including 
energy  storage,'^  high  strain  actuators,*®’'^''’’’*  and  shape 
memory  devices.’’  Recent  papers  have  focused  on  the  ther¬ 
modynamics  of  phase  switching,”’’’  and  transmission  elec¬ 
tron  microscopy  investigations  of  domain  structures.’*’’* 


Utilization  of  these  ceramics  has  been  limited  due  to  high 
switching  fields,  being  of  the  order  of  the  electrical  break¬ 
down  strength.’^  Degradation  of  the  ceramics  under  an  ac 
field  excitation,  with  average  life  cycles  of  =:  lO’,  was  re¬ 
ported  by  Pan  et  al.  ’* 

Synthesis  of  thin  films  in  the  PLZTSn  system  was  mo¬ 
tivated  by  the  large  strain  values  reported  for  the  bulk 
ceramic  materials.  The  largest  longitudinal  strain  reported 
to  date  is  0.87%  for  a  bulk  ceramic  of  composition 
(Pbo97La{)02) (Zro.66Tio.i|Sno23)03.”  Thin  films  offer  the 
possibility  of  integrated  manufacturing  of  microsensors, 
microactuators,  and  high  charge  storage  capacitors.  In 
this  article,  we  report  the  synthesis,  characterization, 
polarization-electric  field  (P-E),  and  capacitance-voltage 
(C-F)  response  of  sol-gel  derived  thin  films  in  the  PLZTSn 
perovskitc  system.  The  P-E  and  C-F  data  allow  delineation 
of  the  forward  AFE-FE,  and  reverse  FE-AFE,  electric  field 
induced  switching  thresholds.  Electric  field  induced  strain 
and  field  induced  AFE-FE  switching  speeds  are  also  re¬ 
ported  for  select  compositions. 

II.  THIN  FILM  SYNTHESIS  AND  COMPOSITION 
SELECTION 

Several  compositions  in  the  Pbo.97Lao,o2(Zr,Ti,Sn)03 
system  were  chosen  based  on  an  earlier  paper  which 
focused  on  bulk  ceramic  materials  for  large  displace¬ 
ment  transducers.'*  The  pertinent  area  of  the 
PbZr03-PbTi03-Pb0:Sn02  ternary  phase  diagram  is 
shown  in  Fig.  1;  compositions  studied  are  indicated  in  the 
figure,  and  the  corresponding  chemical  formula  listed  ex¬ 
plicitly  in  Table  I.  This  choice  of  compositions  allowed 
comparison  of  phase  switching  parameters  between  bulk 
and  thin  films. 

Thin  films  of  the  desired  compositions  were  prepared 
by  the  sol-gel  spin-on  technique.  Silicon  wafers  with  tita¬ 
nium  bonded  platinum  electrodes  served  as  substrates.  Pre¬ 
cursors  used  for  preparation  of  the  sol-gel  solutions  in¬ 
cluded  lead  acetate  trihydrate,  tin’''  acetate  (anhydrous), 
lanthanum  isopropoxide,  zirconium  n-propoxide,  and  tita- 
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FIG  1  The  PbTiOj-PbZrOj-PbOiSnOj  ternary  phase  diagram  showing 
the  orthorhombic  antiferroelectric  (Ao),  tetragonal  antiferroelectnc 
(Ar-)  and  low  temperature  rhombohedral  ferroelectric  (FaitTi)  P'‘*“ 
Lids!  Compositions  studied  are  indicated  (from  Berlincourt,  see 
Ref.  10). 


niutn  isopropoxide.  Details  of  the  sol-gel  precursor  solu¬ 
tion  synthesis  have  been  described  previously,  and  are 
summarized  in  the  flow  diagram,  Fig.  2. 

Films  were  annealed  by  rapid  thermal  processing,  typ¬ 
ically  at  700  "C  for  20  s,  unless  noted  otherwise.  For  films 
annealed  under  these  conditions,  only  perovskite  reflec¬ 
tions  were  observed  by  grazing  angle  x-ray  dilfraction. 
Films  annealed  at  600  ‘C  were  also  phase  pure  but  required 
extended  annealing  times  to  achieve  equivalent  properties. 
Films  annealed  above  750  ‘C  exhibited  hysteresis  loop  deg¬ 
radation  which  can  be  attributed  to  loss  of  Pb  from  the 
film.  Film  thicknesses  were  in  the  range  of  0.3-0.4  ^tm. 

Microstructures  of  the  films  were  characterized  by 
scanning  electron  microscopy  (SEM).  The  films  were 
found  to  be  very  uniform,  with  microstructures  being  de¬ 
pendent  upon  composition.  Grain  sizes  of  approximately 
0  5  urn  were  observed  for  films  of  composition  4  (Fig.  3). 
Larger  grain  sizes,  of  the  order  of  1 .0  fim  were  observed  for 
films  of  compositions  6,  7,  and  9. 
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FIG.  3.  Typical  SEM  microstructure  of  PLZTSn  thin  films.  Shown  above 
is  the  photomicrograph  of  a  film  of  composition  4  annealed  at  700  *C  for 
20  s. 

iron  microscopy  was  used  to  determine  film  thickness.  All 
measurements  described  were  carried  out  at  25  *C. 

Capacitance  data  as  a  function  of  slowly  varying  bias 
field  was  collected  with  a  computer  interfaced  impedance 
analyzer  (HP  4192A).  Sputtered  Au  electrodes  approxi¬ 
mately  1000  A  thick  and  2.8  X 10“^  cm^  in  area  were  used. 
Capacitance  was  determined  using  a  10  mV,  10  kHz  test 
signal.  Under  these  conditions,  the  dielectric  loss  was  al¬ 
ways  less  than  0.08.  The  dc  bias  was  slowly  stepped 
through  0.2  V  increments  in  a  cyclic  manner  between  — 10 
and  -I- 10  V. 

Electric  field  induced  strain  was  measured  using  a  laser 
interferometer  with  a  film  surface  displacement  resolution 
of  10~^  A.^‘  Phase  switching  was  induced  with  a  500  Hz 
electric  field  of  varying  magnitude  and  under  different  bias 
conditions. 

The  switching  current  was  measured  as  a  function  of 
time  by  the  square  pulse  technique.  The  signal  pick-up 
resistor  was  S  fl  to  reduce  the  RC  constant.  A  parallel 
resistor  of  50  fl  was  used  to  reduce  the  signal  reflection 
during  the  measurements. 


B.  Results  and  discussion 

Dynamic  polarization-electric  field  (P-E)  hysteresis 
curves  were  recorded  for  all  the  compositions,  and  the 
switching  field  data  tabulated  in  Table  I.  The  P-E  traces  for 
compositions  12  and  16,  exemplifying  phase  switching,  are 
shown  in  Fig.  4.  Forward  switching  (AFE-FE)  and  back¬ 
ward  switching  (FE-AFE)  fields  were  determined  by  tak¬ 
ing  the  intersections  of  two  lines  representing  the  steepest 
and  flattest  sections  of  the  hysteresis  loops.  For  composi¬ 
tions  in  close  proximity  to  the  AFE-FE  phase  boundary 
(6,7,9),  switching  threshold  fields  could  not  be  determined 
from  P-E  hysteresis  data.  The  remanence  observed  for 
these  boundary  compositions  indicates  that  some  fraction 
of  the  film  is  retained  in  the  FE  state  at  zero  field.  The 
switching  data  obtained  is  summarized  in  Table  I.  For 
films  of  composition  15,  switching  parameters  were  inves- 
tigated.as  a  function  of  applied  field.  The  forward  switch- 


FIG.  4.  Polarization-electric  field  hysteresis  loop  for  thin  films  of 
composition  (a)  12,  (b)  16.  Forward  switching  (AFE-FE)  and  back¬ 
ward  switching  (FE-AFE)  fields  were  determined  by  taking  the  intersec¬ 
tions  of  two  lines  representing  the  steepest  and  flattest  sections  of  the 
hysteresis  loops. 


ing  threshold  was  constant  as  a  function  of  increasing  field 
from  200  to  400  kV/cm.  However,  the  reverse  switching 
threshold  was  found  to  decrease  and  the  maximum  polar¬ 
ization  increase  as  applied  field  increased.  The  ability  to 
switch  films  of  composition  16,  which  lies  in  the  ortho¬ 
rhombic  AFE  phase  field,  was  an  interesting  result.  The 
forward  switching  threshold  of  233  kV/cm  under  an  ap¬ 
plied  field  of  8(X)  kV/cm  is  indicative  of  the  large  free 
energy  difference  between  this  and  the  FE  phase. 

Phase  switching  thresholds  can  also  be  derived  from 
capacitance  as  a  function  of  slowly  varying  bias  field.  The 
relationship  between  the  P-E  hysteresis  and  C-F  data  is 
shown  schematically  in  Fig.  5.  Phase  switching  thresholds 
can  be  estimated  from  the  C-F  curves  by  defining  switch¬ 
ing  as  the  bias  at  maximum  capacitance.  This  definition, 
however,  yields  forward  and  reverse  thresholds  slightly 
larger  than  those  obtained  from  analogous  P-E  hysteresis 
data.  The  incremental  capacitance  data  for  compositions 
12  and  16  is  shown  in  Fig.  6  (compare  with  the  corre¬ 
sponding  P-E  curves  of  Fig.  4).  This  data  made  it  possible 
to  measure  the  threshold  fields  when  the  P-E  curves  were 
ambiguous,  particularly  in  the  case  of  boundary  composi¬ 
tions  (6,7,9).  In  the  case  of  composition  9,  only  forward 
switching  could  be  positively  determined.  The  P-E  and 
C-F  data  indicate  that  a  metastable  FE  phase  is  induced 
upon  application  of  field  to  the  virgin  sample,  and  is  re- 
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Bismuth  titanate  (Bi^TigOia)  films  were  prepared  by  the  r.f.  sputtering  technique.  A 
bismuth-rich  target  was  used  to  compensate  for  the  loss  of  bismuth  during  deposition.  Studies 
on  many  films,  deposited  under  various  conditions,  showed  that  existence  of  non-uniform 
erosion  leads  to  many  surface  morphological  features.  This  varying  surface  structure  is  a 
consequence  of  the  resputtering  process.  Because  the  microstructure  has  a  significant  effect 
on  the  films  electrical/optical  response,  a  knowledge  of  its  dependency  on  process  parameters 
is  an  important  step  towards  device  development. 


1.  Introduction 

Ferroelectric  bismuth  titanate  (814X130,2)  with  a 
mica-like  morphology  belongs  to  the  large  family  of 
layer  structure  oxide  compounds.  With  its  high  electri¬ 
cal  breakdown  properly,  814X130,2  is  a  good  candid¬ 
ate  for  thin-film  capacitors.  Device  applications  using 
its  switching  and  optical  properties  were  reported  by 
Cummins  [1,  2].  814X136,2  also  has  potential  as  a 
non-volatile  high-density  memory.  For  all  of  these 
applications  it  is  important  to  have  a  knowledge  of  the 
microstruclural  behaviour  of  bismuth  titanate  thin 
film.  This  has  been  attempted  in  the  present  study 
by  investigating  the  proclivity  of  the  material  for 
resputtering. 

Epitaxial  814X130,2  thin-film  preparation  on  MgO 
and  epitaxial  platinum  was  reported  by  Takei  el  al. 
[3].  Films  were  prepared  using  both  reactive  triode 
and  r.f.  sputtering  with  various  target  compositions. 
Preparation  of  bismuth  titanate  thin  films,  on  various 
substrates,  with  a  dielectric  constant  comparable  to 
its  single  crystal  value,  was  also  reported  by  Ghosh 
el  al.  [4].  The  r.f.  sputtering  technique  with  a  hot- 
pressed  ceramic  target  of  composition  8.8814X130,2 
-F  0.2Bi, 2X1020  was  used  for  deposition. 

During  the  process  of  film  preparation,  several  mor¬ 
phological  variations  in  the  films  were  observed.  The 
observed  profound  effects  of  preparation  parameters 
on  the  film  microstructure  are  reported.  The  effects  of 
microstructure  on  the  dielectric  properties  of  the  film 
were  significant  and  have  been  reported  elsewhere  [4]. 
Bismuth  titanate  was  deposited  under  various  depos¬ 
ition  conditions  and  resputtering  effects  were  investig¬ 
ated.  The  results  obtained  were  compared  with 
the  prediction  of  the  model  developed  by  Cuomo  et  al. 
[5.  6]. 
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2.  Experimental,  procedure 

Bismuth  titanate  thin  films  were  deposited  by  r.f. 
sputtering  a  2  in.  diameter  target  in  an  argontoxygen 
mixture  atmosphere.  814X130,2  films  were  prepared 
using  a  wide  range  of  sputtering  parameters.  Depos¬ 
ition  time,  r.f.  power  level,  partial  gas  pressure,  and 
substrate  temperature  were  all  varied.  After  mounting 
clean  substrates,  the  system  was  pumped  down  to  an 
initial  background  pressure  of  1.2  x  10“‘torr.  In  a 
hot  deposition  scheme  (i.e.  increased  substrate  temp¬ 
erature)  this  process  was  followed  by  heating  the 
substrates  to  the  desired  temperature  (maximum  tem¬ 
perature  552  "C).  The  system  chamber  pressure  was 
also  stablized  at  20  mtorr  by  the  introduction  of 
sputtering  gas  into  the  system.  Three  methods  of  film 
characterization  were  used.  A  profilometer  (Xalysurf 
10)  was  used  for  measuring  variations  in  film  thickness 
as  a  function  of  radial  distance  from  the  centre  of  the 
target,  by  measuring  the  step  height  from  the  film  to 
an  area  that  had  been  covered  by  a  thin  glass  wafer 
during  deposition.  In  the  second  method,  the  develop¬ 
ment  of  surface  morphology  due  to  resputtering  was 
studied  using  a  scanning  electron  microscope  (SEM). 
The  third  method  of  characterization  was  a  visual 
observation  of  the  sputtered  films.  As  reported  [7], 
any  texturing  of  the  film  surface  due  to  resputtering, 
could  often  be  observed  visually. 

3.  Results  and  discussion 

Substrates  directly  under  the  target,  especially  in  a 
ring-shaped  area  under  the  edge  of  the  target,  are 
generally  affected  by  resputtering.  The  development  of 
surface  morphology  features  and  variation  in  film 
thickness  was  observed  in  substrates  placed  in  this 
area. 


The  intensity  and  type  of  elfcct,  resulting  from 
rcsputtcring,  were  found  to  vary  as  functions  of  the 
sputtering  parameters  as  well  as  the  location  of  the 
substrate.  Fig.  I  shows  the  electron  micrographs  in 
which  the  range  of  micro-cITccts  (i.c.  the  development 
of  surface  morphology  features)  observed  in  bismuth 
litanatc  films  can  be  seen.  All  three  films  were  pre¬ 
pared  at  100  W  with  20  mtorr  gas  pressure  (50:50, 
OjtAr)  for  5  h.  As  indicated  in  Fig.  I,  the  only  variable 
was  the  relative  position  of  the  substrates  (preparation 
geometry)  with  respect  to  the  centre-line  of  the  target. 
The  change  of  substrate  temperature  also  induced  a 
wide  range  of  micro-effects  as  shown  in  Fig.  2.  These 
films  were  deposited  under  similar  deposition  condi¬ 
tions  (mentioned  above)  but  this  time  the  variable  was 
substrate  temperature. 

In  addition  to  the  substrate  position  and  substrate 
temperature,  a  change  in  the  microstructurc  resulting 
from  a  change  in  r.f.  power  as  depicted  in  Fig.  3,  and 
from  a  change  in  partial  gas  pressure  (Fig.  4)  was  also 
observed.  The  change  in  partial  gas  pressure  also 
induces  nonstoichiometry  and  is  evident  in  the  black 


Figure  I  Effect  of  preparation  geometry  on  the  microstructurc  of 
BuTijO,}  thin  films. 


colour  of  the  film,  compared  to  light  yellow  for  stoi¬ 
chiometric  bismuth  titanatc. 

A  significant  variation  in  film  thickness  (maeio- 
elfcet)  was  observed,  as  shown  in  fig.  5,  caused  both 
by  the  change  of  substrate  temperature  and  the 
relative  position  of  the  substrates. 

The  judgment  on  the  presence  of  rcsputtcring,  its 
intensity  and  type  of  cITccts  was  made  based  on  the 
three  methods  of  observation:  scanning  electron 
micrographs,  thickness  profiles,  and  visual  observa¬ 
tion.  On  the  micrographs  evidence  of  rcsputtcring 
would  be  seen  through  the  formation  of  surface  mor¬ 
phology  features  such  as  etch  pits.  For  the  thickness 
profile  graphs,  drops  in  thickness  under  the  edge  of  the 
target  indicated  rcsputtcring.  Visual  observation  of 
the  substrate  indicate  a  change  of  colour  in  the  re- 
sputtered  area.  These  areas  where  rcsputtcring  had 
occurred  also  agree  with  the  results  of  profilomctcr 
and/or  scanning  electron  micrographs. 

Resputtering  of  a  growing  film  can  occur  due  to  a 
number  of  bombardment  processes,  c.g.  bombard¬ 
ment  of  the  material  by  energetic  positive  ions  ex¬ 
tracted  from  the  discharge  by  a  negative  bias  at  the 
substrate  [8, 9],  high-energy  elastically  back-scattered 
particles  [10],  and  bombardment  by  negative  ions 
originating  near  the  target  surface,  generally  at  a  high 
negative  potential,  and  accelerated  across  the  dark 
space  [8].  In  particular,  under  certain  conditions,  the 
growing  film  can  be  rcsputtcred  at  the  same  rate  by 
which  it  grows  and  can  even  lead  to  rcsputtcring  of  the 
substrate  [11],  Among  the  various  processes  the 
bombardment  by  negative  ions  appears  to  be  the  main 
cause  of  resputtering.  Cuomo  el  ul.  [5.  6],  developed  a 
model  which  states  that  ionization  potential,  /a.  and 
electron  affinity,  tVli,,  of  target  elements,  A  and  B,  can 
be  used  in  the  form  /a  ~  FAi,  as  a  useful  measure  to 
predict  negative  ion  production.  According  to  their 
results,  at  about  3.4  cV  or  less,  the  probability 
of  negative-ion  formation  is  higher,  resulting  in  a 
noticeable  rcsputtcring  effect. 

Negative-ion  rcsputtcring  docs  not  lead  to  uniform 
film  erosion  but  rather  results  in  isolated  etch  pits  on 
the  growing  films.  If  the  etch  pits  remain  isolated  they 
may  not  be  seen  optically  and  can  easily  go  undetected 
unless  explicitly  sought.  However,  under  high  doses  of 
ion  bombardment  the  etch  pits  overlap  and  can  lead 
to  a  variety  of  morphological  structures  such  as  rip¬ 
ples,  dimples,  needles,  etc.,  which  usually  scatter  light 
and  arc  readily  noticed  [12,  13].  These  etch  pits  have 
been  observed  in  WOj  films  [14],  although /a  — 
for  WOj  is  6.5  eV,  which  is  considerably  higher  than 
the  threshold  value  of  3.4  cV  proposed  by  Cuomo 
et  al.  [5,  6].  The  reason  for  this,  as  explained  by  Giri 
and  Messier  [14],  is  that  the  rcsputtcring  rate  is  not 
large  enough  to  prevent  the  film  growth,  but  it  is 
sulficient  to  cause  localized  structural  defects,  such  as 
isolated  etch' pits.  The  value  of /a  —  t'/l„  for  bismuth 
titanate  is  5.35  cV,  lower  than  the /a  —  £A„  value  of 
WOj.  Because  rcsputtcring  has  been  observed  in 
WOj,  it  is  probable  that  rcsputtcring  will  occur  during 
the  deposition  of  BiATijOij.  Kester  [7],  also  reported 
the  probability  of  rcsputtcring  in  bismuth  titanatc. 
Our  current  observations  on  various  films,  prepared 


under  different  conditions,  confirm  resputtering  in 

BuTisOii' 

Our  study  indicates  a  significant  effect  of  deposition 
parameters  on  resputtering,  leading  to  various  mor¬ 
phological  surface  features.  In  some  cases,  for  example 


Figure  S  The  variation  in  the  microstructure  of  Bi.TijO,)  thin 
films  due  to  the  change  in  r.f.  power,  (a)  50  W,  (b)  100  W,  (c)  150  W. 

at  low  r.f.  power  level  or  a  small  change  in  partial  gas 
pressure,  no  micro-effects  occurred.  The  wide  range  of 
resputtering  effects  observed  in  this  study,  on  both  the 
macro-  and  the  micro-level,  lead  us  to  conclude  that 
the  occurrence  of  resputtering,  its  intensity  and  the 
type  of  effect  cannot  be  determined  bused  on  any  one 
factor.  Any  model  based  on  just  one  factor,  such  as  the 
model  by  Cuomo  el  ul.  [5,  6],  which  was  based  on  the 
material  only,  is  limited.  One  other  possible  problem 
in  evaluating  the  resputtering  is  that  the  stoichiometry 
of  the  material  should  be  taken  into  account. 


4.  Conclusion 

Bismuth  titanate  thin  film  prepared  by  the  r.f. 
sputtering  method  exhibits  various  surface  morpho¬ 
logical  features,  resulting  from  non-uniform  erosion  of 


Figure  4  EITccl  of  peroenlage  change  in  argon  pressure  on  the 
microslruclureof  Bi4Ti30,,  Ihin  films. (a)  lOinlorr.(b)  l5mlorr.(c) 
20  mlorr. 


the  film  due  to  the  resputtering  process.  The  efiect  of 
resputtering  depends  significantly  on  the  deposition 
parameters.  Results  also  indicate  that  many  factors 
influence  rcsputtcring  and  that  a  model  based  on  one 
factor,  such  as  value,  cannot  always  predict 

the  occurrence  of  resputtering. 
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Figwr  5  Thickness  profile  of  Dij'l  i ,  thin  films  ileposileil  on  |X| 
unhealed  and  (i  1)  liol  subslrale.s.  The  thicker  film  is  al  Ihe  eenlrc 
and  the  thinner  film  is  near  Ihe  edge. 
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BaTiOa  thin  films  were  fabricated  using  an  rf-magnetron  sputtering  technique  and  an  oxide  target.  In  spite  of 
depositing  on  an  amorphous  fused  quartz  substrate,  the  preferentiaUy  oriented  thin  films  were  obtained  without 
any  post-annealing  process.  The  preferred  orientation  of  the  thin  films  changed  with  sputtering  gas  pressure,  gas 
composition  and  substrate  temperature.  At  a  lower  gas  pressure,  the  thin  films  crystallized  well  and  preferentiallv 
oriented  to  the  ( 100)  direction.  With  increasing  gas  pressure,  the  preferred  orientation  changed  to  (llO).  On  the 
other  hand,  at  a  lower  substrate  temperature  or  higher  argon  partial  pressure,  the  preferred  orientation  changed 
to  (ill).  The  variation  of  the  preferred  orientation,  lattice  constant,  and  crystallite  size  with  sputtering  conditions 
was  explained  by  assuming  a  thermal-vibration  model. 

KEYWORDS:  rf-magnetron  sputtering,  BaTiOj  film,  thermalization,  interionic  distance,  thermal  vibration 


1.  Introduction 

BaTiOs  thin  films  have  been  receiving  the  greatest  at¬ 
tention  during  the  ptist  two  decades  because  of  their 
high  dielectric  constant.  The  applicability  of  epitaxially- 
grown  BaTiOs  thin  films  in  the  construction  of  nonvola¬ 
tile  random-access-memory  capacitors,  electrooptic 
devices,  and  pyroelectric  detectors  is  of  particular  in¬ 
terest.  The  requirements  of  the  films  for  these  appli¬ 
cations  are:  (i)  high  crystallinity  and  preferential  orien¬ 
tation,  (ii)  stoichiometric  composition,  (iii)  smooth  and 
perfect  surface,  especially  for  the  optical  devices,  and 
(iv)  in  situ  fabrication  of  the  films  at  relatively  low  sub¬ 
strate  temperature. 

Various  methods  have  been  proposed  and  inves¬ 
tigated  to  improve  film  properties.*''®’  Among  them,  rf- 
magnetron  sputtering  has  been  known  as  one  of  the 
most  promising  deposition  techniques  in  view  of  repro¬ 
ducibility,  uniformity  and  simplicity. 

Although  several  studies  have  been  reported  on  phys¬ 
ical  and  electrical  properties  of  rf-sputtered  BaTiOj 
thin  films,  crystal  substrates  were  used  to  obtain  highly 
oriented  or  epitaxially  grown  films.  In  these  cases,  it  is 
difficult  to  clearly  understand  the  intrinsic  deposition 
profile  of  BaTiOi  thin  films  because  the  orientation  of 
the  films  depends  strongly  on  the  crystal  orientation  of 
the  substrate. 

In  this  paper,  we  carried  out  rf-sputter  deposition 
onto  amorphous  fused  quartz  substrates  to  investigate 
the  intrinsic  deposition  behavior  of  BaTiOs  thin  films. 
In  spite  of  the  use  of  an  amorphous  substrate,  the  crys¬ 
tal  orientation  of  BaTiOa  thin  films  could  be  controlled 
by  various  sputtering  conditions.  It  was  also  confirmed 
that  the  crystallized  films  can  be  obtained  at  a 
substrate  temperature  as  low  as  300  ®C.  From  the  ex¬ 
perimental  results  on  preferred  orientation,  lattice  con¬ 
stant  and  crystailite  size,  a  thermal-vibration  model  is 
suggested  in  this  paper  as  one  of  possible  intrinsic  depo¬ 
sition  mechanisms  for  the  rf-sputtered  BaTi0.i  thin 
films. 

2.  Experimental 

BaTiO.i  thin  films  were  prepared  with  an  rf-raagne- 


Table  I.  Sputtering  conditions  of  BaTiOs  thin  films. 


Target 

BaTiOi  ceramic  disc 

Substrate 

Fused  quartz 

Substrate  temperature 

100-700“C 

Gas  pressure 

0.1-4. 0  Pa 

Ar/tAr  +  Oj) 

10-90% 

Rf  power 

200  W 

Target-Substrate  (T-S) 
distance 

50  mm 

tron  sputtering  system  (SPF-430HS,  Anelva).  The 
sputtering  target  was  a  BaTiOs  ceramic  disk  with  100 
mm  diameter  and  5  mm  thickness,  having  a  stoichio¬ 
metric  composition  with  purity  of  99.9%.  An  amor¬ 
phous  fused  quartz  plate  with  10  mm  x  10  mm  x  1  mm 
dimensions  was  used  as  a  substrate,  after  it  was 
cleaned  with  trichloroethane  and  acetone.  The  sputter¬ 
ing  conditions  are  summarized  in  Table  I.  The  deposi¬ 
tion  rate  of  sputtered  films  was  varied  in  a  wide  range 
from  15  to  100  A/min  with  the  sputtering  conditions. 

An  X-ray  diffractometer  (Jeol.  JDX-llPA)  was  em¬ 
ployed  to  examine  the  crystallographic  properties.  The 
average  crystallite  size  of  as-grown  films  was  estimated 
from  the  full  width  at  half-maximum  (FWHM)  of  the 
peaks  using  Scherrer’s  formula."’  Scanning  electron 
microscopy  (SEM)  was  used  to  observe  surface  mor¬ 
phology  and  film  thickness.  The  deposition  rate  was  cal¬ 
culated  from  the  film  thickness  and  sputtering  time. 

3.  Results 

3. 1  Orientation  of  the  thin  films 

3.1.1  Effect  of  gas  pressure 

Figure  1  shows  X-ray  diffraction  patterns  of  the  as- 
grown  thin  films  deposited  under  various  sputtering 
gtis  pressures.  At  gas  pressures  below  0.3  Pa.  only  the 
(lOO)-equivalent  peaks  ((100).  (OOl),  (200).  (002),  etc.) 
are  observed:  this  indicates  that  the  film  preferentially 
grow’s  with  the  ( lOO]  direction  perpendicular  to  the  sub¬ 
strate.  With  increasing  gas  pressure,  the  (llO)  and 
(111)  peaks  appear  gradually  and  the  film  exhibits  ran¬ 
dom  orientation.  At  gats  pressures  above  4.0  Pa,  the 
orientation  of  the  film  is  changed  to  the  ( 1  lO]  direction. 
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26  (deg) 

Fig.  1.  X-ray  diffraction  patterns  of  as-grown  films  sputtered  under 

various  gas  pressures,  (rf  power;  200  W.  Ar.dAr-i-O]):  70/100,  sub¬ 
strate  temperature;  700®C.  T-S  distance;  50  mm). 

3. 1.2  Effect  of  gas  composition 

Figure  2  shows  the  changes  of  X-ray  diffraction  pat¬ 
terns  for  various  sputtering  gas  compositions  of  Ar/ 
(Ar+Oj)  while  keeping  the  total  gas  pressure  at  1.0  Pa. 
Broad  and  low-intensity  peaks  appear  at  the  lower 
argon  content  of  10%.  At  the  argon  content  of  30%, 
preferentially  oriented  (lOO)-equivalent  peaks  with 
high  intensity  appear.  However,  this  orientation  of 
films  is  lost  at  higher  argon  contents  ( >50%),  and  the 
(ill)  orientation  becomes  dominant  above  90%.  The 
gas  composition  as  well  as  the  gas  pressure  play  an  im¬ 
portant  role  in  the  preferred  orientation  of  thin  films. 
The  deposition  rate  was  increased  linearly  from  15  to 
100  A/min  with  increasing  argon  content. 

3.1.3  Effect  of  substrate  temperature 

Figure  3  shows  the  dependence  of  X-ray  diffraction 
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Fig.  3.  .\-ray  diffraction  patterns  of  as-grown  films  sputtered  at 
various  substrate  temperatures,  (rf  power:  200  W.  Ar/(Ar-i-Oj): 
70/100.  sputtering  gas  pressure:  0.1  Pa.  T-S  distance;  50  mm). 

patterns  of  the  films  on  the  substrate  temperature.  The 
gas  pressure  and  the  gas  composition  were  fixed  at  0. 1 
Pa  and  at  the  argon  content  of  70% ,  respectively.  At  a 
substrate  temperature  of  700  °C,  only  two  peaks  due  to 
the  (100)  and  (200)  reflections  appear.  Upon  reducing 
the  temperature,  the  films  show  random  orientation, 
and  at  a  temperature  of  300°C,  the  preferred  orienta¬ 
tion  along  (ill)  appears.  The  substrate  temperature  be¬ 
low  100°C  cannot  provide  a  crystallized  phase.  It  is 
noteworthy  from  a  practical  point  of  view  that  crystal¬ 
lized  and  preferentially  oriented  films  can  be  fabricated 
at  a  substrate  temperature  as  low  as  300  ®C  when  the 
sputtering  conditions  are  properly  controlled. 

3.2  Lattice  constants 

Figure  4  shows  the  variation  of  the  lattice  constant 


26  (deg) 

Fig  2  X-rav  diffraction  patterns  of  as-grown  films  sputtered  at 
various  gas'  compositions,  (rf  power:  200  W.  substrate  tempera¬ 
ture:  700°C.  sputtering  gas  pressure:  1.0  Pa.  T-S  distance:  50 
mm). 


Gas  Pressure  (Pa) 

Fig.  4.  Gas  pressure  dependence  of  lattice  constant,  (rf  power:  200 
\V.  Ar/(Ar-i-0;l:  70/100  and  50/100.  substrate  temperature: 
ron’C.  T-S  distance:  50  mm). 
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with  sputtering  gas  pressure.  As  the  gas  pressure  in¬ 
creases,  the  lattice  constant  of  as-grown  films 
decreases  linearly.  Over  the  entire  range  of  gas  pres¬ 
sures  applied  in  this  study,  the  lattice  constant  was  rela¬ 
tively  larger  than  that  of  BaTi03  single  crystal 
(a  =  3.989  A.  c  =  4.029  A).  The  lattice  constant  is  also 
affected  by  the  gas  composition.  With  increasing  argon 
content,  the  lattice  constant  decreases.  Nagatomoand 
Omoto'^’  and  Schafer'^'  have  reported  that  the  lattice 
constant  of  as-grown  films  is  large  compared  with  that 
of  single  crystal.  They  attributed  the  result  to  the 
stress  caused  by  the  difference  in  the  thermal  expan¬ 
sion  coefficient  between  the  film  and  the  substrate. 
However,  in  our  case,  the  difference  of  thermal  expan¬ 
sion  (BaTiOa;  14  ppm/^C,  fused  quartz:  0.56  ppm/“C) 
does  not  exceed  1%  for  the  temperature  difference  be¬ 
tween  room  temperature  and  the  deposition  tempera¬ 
ture  of  700 °C.  Therefore,  the  deviation  of  lattice  con¬ 
stant  (maximum  5%)  cannot  be  explained  by  the 
thermal  expansion  coefficient.  The  reason  will  be  dis¬ 
cussed  in  the  next  section. 

Figure  5  shows  the  effect  of  annealing  temperature 
on  the  lattice  constant.  The  lattice  constant  decreases 
markedly  and  approaches  the  value  of  single  cry'stal 
above  1200°C.  Although  the  peak  intensity  was  in¬ 
creased  by  the  annealing  process,  the  preferred  orienta¬ 
tion  did  not  change.  On  the  other  hand,  above  an 
annealing  temperature  of  700°C,  microcracks  were  ob¬ 
served  in  most  of  the  samples.  These  cracks  are  prob¬ 
ably  attributed  to  the  volume  contraction  due  to  the 
crystallization  and  close  packing  of  atoms.  Figure  6 
shows  the  surfEu:e  morphologies  of  the  films  after  an¬ 
nealing  at  1100®Cfor  1  h.  Although  microcracks  are  ob¬ 
served  in  both  films,  the  film  deposited  at  0. 1  Pa  shows 
finer  cracks  in  comparison  with  the  film  at  1.0  Pa.  This 
means  that  the  larger  the  lattice  constant,  the  more 
contraction  occurs  during  the  annealing  process. 

3.3  Crystallite  size 

Figure  7  plots  the  relationship  between  the  crystal- 


Fig.  5.  Lattice  constant  as  a  function  of  annealing  temperature. 


Fig.  6.  Surface  morphology  of  films  with  the  sputtering  gas  pres¬ 
sure  of  0.1  Pa  (al  and  of  1.0  Pa  (b)  after  post-annealing  process  at 
1100°Cfor  1  h. 


Gas  Pressure  (Pa) 

Fig.  7.  Relationship  between  the  crystailite  size  of  as-grown  films 
and  the  gas  pressure 


lite  size  of  as-grown  films  and  the  gas  pressure.  Be¬ 
cause  the  crystallite  size  was  too  small  to  be  observed 
by  SEM,  it  wets  estimated  from  the  full  width  at  half¬ 
maximum  (FWHM)  of  the  X-ray  peaks  using  Scher- 
rer's  formula."’  The  crystallite  size  of  the  films 
sputtered  at  0. 1  Pa  is  about  620  A  and  it  decreases  with 
increasing  gas  pressure.  However,  it  approaches  the 
constant  value  of  160  A  above  the  gas  pressure  of  1.0 
Pa.  The  crystallite  size  also  decreased  as  the  argon  con¬ 
tent  increased. 

4.  Discussion 

We  find  that  the  sputtering  conditions  affect  not  only 
the  preferred  orientation  but  also  the  lattice  constant 
and  crystallite  size.  These  results  can  be  explained  par¬ 
tially  by  the  existing  mechanisms.  For  example,  the 
variation  of  the  film  orientation  in  a  gas  pressure  range 
of  0. 1-2.0  Pa  can  be  understood  by  the  well-known  par¬ 
ticle  bombardment  mechanism.  That  is.  at  a  lower 


Jpn.  J.  Appl.  Phys,  Voi.  33  11994}  Pt,  1.  No.  3A 

gas  pressure,  the  film  is  bombarded  by  high-energy  par¬ 
ticles  normal  to  its  surface,  resulting  in  the  film  with  a 
certain  primary  orientation.  At  a  higher  gas  pressure, 
particle  scattering  causes  the  film  bombardment  by 
low-energy  particles  at  oblique  angles,  resulting  in  a 
randomly  oriented  film.  However,  this  mechanism  is  in¬ 
sufficient  to  explain  the  reappearance  of  the  (llO)  peak 
at  a  gas  pressure  higher  than  4.0  Pa.  Moreover,  the 
variation  of  the  lattice  constant  and  crystallite  size  with 
sputtering  conditions  has  not  been  discussed  systemati¬ 
cally.  We  will  discuss  the  relationship  between  the  sput¬ 
tering  conditions  and  the  deposition  profile  in  detail  in 
this  section. 

4.1  Energy  of  sputtered  particles 

The  sputtered  particles  suffer  collisions  during  their 
transport  through  the  plasma  to  the  substrate  and  lose 
their  initial  energy  continuously. ‘‘  '®’  The  initial  energy 
of  sputtered  particles  is  known  to  be  on  the  order  of 
eV,  corresponding  to  the  temperature  on  the  order  of 
10''-10’K  (l  eV  =  11600  K).*’’  .After  a  finite  number  of 
collisions,  the  energy  of  sputtered  particles  is  reduced 
to  the  thermal  energy  (kaT),  and  the  sputtered  parti¬ 
cles  are  said  to  be  “thermalized”.  where  ka  is  the 
Boltzmann  constant. 

The  thermalization  distance  is  expressed  as  a 
product  of  the  number  of  collisions  and  the  mean  free 
path  of  sputtered  particles.  Thus  the  distance  depends 
on  i)  sputtering  gas  pressure,  ii)  mass  of  sputtered  parti¬ 
cles  and  sputtering  gas  atoms,  and  iii)  initial  energy  of 
sputtered  particles.  For  example,  as  the  sputtering  gas 
pressure  increases,  the  thermalization  distance  of  sput¬ 
tered  particles  is  decreased  by  an  increase  of  collision. 

The  thermalization  distance  of  sputtered  particles 
was  calculated  by  Westwood  using  argon  gas  as  the 
sputtering  medium.”’  The  thermalization  distance  of 
Ba  or  Ti  atoms  is  approximately  40  to  60  cm  at  a  gas 
pressure  of  0.1  Pa,  even  though  there  is  some  differ¬ 
ence  between  the  values  for  Ba  and  Ti.  However,  the 
distance  is  reduced  to  less  than  1  cm  at  a  gas  pressure 
of  4.0  Pa,  which  is  the  maximum  pressure  of  this 
study.  Since  the  target-substrate  distance  is  fixed  at  5 
cm  in  this  study,  it  can  be  expected  that  most  of  the 
sputtered  particles  lose  their  initial  energy  before 
reaching  the  substrate  at  the  gas  pressure  of  4.0  Pa. 
On  the  other  hand,  the  particles  sputtered  at  a  lower 
gas  pressure  are  expected  to  arrive  at  the  substrate 
without  significant  energy  loss. 

Westwood”’  and  Somekh“’  reported  that  the  energy 
of  sputtered  particles  is  related  to  the  mass  of  sputter¬ 
ing  gas  and  sputtered  atoms.  They  concluded  that  the 
energy  loss  of  the  sputtered  particles  increases  with  in¬ 
crease  of  the  mass  of  sputtering  gas  atoms.  Therefore, 
in  our  case,  it  can  be  expected  that  the  sputtered  parti¬ 
cles  lose  their  energy  to  a  great  extent  with  increasing 
argon  content  in  the  sputtering  gas  because  argon  is 
heavier  than  oxygen.  Moreover,  since  the  sputtering 
yield  of  argon  is  high  compared  with  that  of  oxygen, 
the  increase  of  argon  content  may  result  in  the  increase 
of  sputtered  atoms  which  are  heavier  than  gas  atoms  in 
the  chamber.  Consequently,  the  sputtered  particles 
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lose  their  initial  energy  faster  by  the  collisions  with 
previously  sputtered  ones  tis  the  argon  content  in¬ 
creases. 

4.2  Thermal  vibration  and  deposition  profile 

The  thermal  vibration  model  is  suggested  as  one  pos¬ 
sible  mechanism  to  understand  the  deposition  profiles 
of  sputtered  BaTiOi  thin  films,  such  as  preferred  orien¬ 
tation.  crystallization  and  lattice  constant.  This  model 
is  based  on  the  thermal  vibration  of  sputtered  particles. 

Since  the  perovskite  BaTiOj  has  an  ionic  component 
of  82%  for  the  barium-oxygen  bond  and  of  63%  for  the 
titanium-oxygen  bond."'-^^'  the  relationship  between 
the  binding  energy  and  the  mean  interionic  distance  of 
component  atoms  can  be  expressed  as  shown  in  Fig.  8. 
When  the  sputtered  particles  are  deposited  with  lower 
energy,  Ei,  the  thermal  vibration  is  weak,  and  the  lat¬ 
tice  is  formed  with  a  mean  interionic  distance  X\,  be¬ 
cause  the  atoms  thermally  vibrating  are  deposited  and 
quenched  on  the  substrate.  On  the  contrary,  as  the 
energy  of  sputtered  particles  increases  to  E2,  the  ther¬ 
mal  vibration  becomes  intense  and  the  anharmonicity 
will  cause  the  increase  of  the  mean  interionic  distance 
from  Xi  to  X2.  The  variation  of  the  lattice  constant  with 
gas  pressure  in  Fig.  4  can  be  explained  in  this  manner. 
When  the  particles  sputtered  at  a  low  gas  pressure  ar¬ 
rive  at  the  substrate,  they  will  form  a  lattice  having  a 
larger  lattice  constant  due  to  intense  thermal  vibration. 
However,  if  the  thermal  vibration  becomes  too  intense, 
it  becomes  difficult  to  form  a  normal  lattice  and  this 
leads  to  amorphous  films  (e.g.,  argon  content  less  than 
10%)  as  shown  in  Fig.  2.  It  is  considered  that  the 
energy  of  sputtered  particles  also  affects  the  crystalliza¬ 
tion  and  the  growth  of  crystallites  as  shown  in  Figs.  1 
and  7.  The  energy  of  sputtered  particles  probably  pro¬ 
motes  the  crystallization  and  the  growth  of  crystallites. 
In  the  BaTiOs  perovskite  structure,  the  (ill)  plane 
has  the  highest  packing  density  and  is  thermodynami¬ 
cally  the  most  stable  plane  among  the  crystal  planes 
with  low  Miller  indices.  Thus  it  is  easy  for  the  low- 
energy  particles  vibrating  weakly  to  grow  along  the 
(ill)  plane,  which  is  consistent  with  the  grain  growth 


Fig.  8.  Schematic  diagram  of  the  reiationship  between  the  energy 
of  sputtered  particles  and  the  interionic  distance. 
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in  donor-doped  BaTiO^. The  appearance  of  the  (111) 
peak  at  a  high  argon  content  (in  Fig.  2)  can  be  ex¬ 
plained  by  this  reason.  However,  the  appearance  of  the 
(no)  peak  at  a  high  gas  pressure  cannot  be  explained 
by  the  occupation  density  because  the  (llO)  plane  has 
lower  occupation  density  than  (100)  plane.  It  may  be  im¬ 
portant  to  note  that  the  (llO)  plane  is  a  unique  plane 
which  has  Ti-0  bonding  among  the  crystal  planes  with 
low  indices;  this  plane  will  be  thermodynamically  more 
stable  than  the  (lOO)  plane.  Although  the  deposition 
methods  are  different  from  each  other,  Nagatomo  et 
al.^‘  and  Lee  and  Park®'  have  also  reported  the  preferen¬ 
tial  orientation  of  the  ( 101 )  plane  in  BaTiOj  thin  films 
for  rf-sputtering  and  sol-gel  techniques.  On  the  other 
hand,  when  the  thermal  vibration  becomes  intense  with 
high  energy,  it  may  prevent  the  particles  from  aligning 
along  the  highest  occupation  density  plane.  That  is,  it 
is  easier  for  the  particles  vibrating  intensely  to  grow 
along  a  relatively  lower  occupation  density  plane,  i.e., 
the  (lOO)  plane. 

5.  Conclusions 

Oriented  BaTiOs  thin  films  were  sputtered  onto  the 
amorphous  fused  quartz  substrate  without  any  post-an¬ 
nealing  process.  It  was  confirmed  that  the  preferential¬ 
ly  oriented  thin  films  could  be  prepared  at  a  substrate 
temperature  as  low  as  300  “C.  The  preferred  crystal 
orientation  of  the  films  was  changed  systematically 
with  sputtering  gas  pressure,  gas  composition  and  sub¬ 
strate  temperature.  As  the  energy  of  the  sputtered  par¬ 
ticles  increases,  the  (100)  orientation  is  preferred  over 
the  (no)  or  (ill)  orientation,  and  the  lattice  constant 
increases.  The  thermal  vibration  due  to  the  energy  of 
the  sputtered  particles  is  considered  as  the  origin  of 
change  in  deposition  profile,  and  the  energy  of  the  sput¬ 
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tered  particles  promotes  the  crystallization  and  the 
growth  of  crystaUite. 
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ABSTRACT 

The  flextensional  composite  moonie  transducer  was  invented  by  Xu  and  Newnham 
in  1989.  The  moonie  transducer  can  be  used  as  hydrophone,  transceiver,  or  actuator.  The 
moonie  transducer  consists  of  a  piezoelectric  or  electrostrictive  ceramic  disc  (either  in  single 
layer  or  multilayer  form)  sandwiched  between  two  metal  endcaps,  each  having  a  crescent 
shaped  cavity  on  its  inner  surface.  These  metal  endcaps  serve  as  a  mechanical  transformer 
for  converting  and  amplifying  the  lateral  displacement  of  the  ceramic  into  an  axial  motion  of 
the  endcaps.  Both  the  d33  and  d3i  piezoelectric  coefficients  contribute  to  the  axial 
displacement  of  the  composite. 

There  are  two  common  types  of  solid  state  ceramic  actuator  designs:  multilayer 
ceramic  actuators  and  cantilever  bimorph  actuators.  Multilayer  ceramic  acmators  exhibit 
large  generative  force  (>  30(X)  N),  but  their  displacement  values  are  low  (  around  10  ^m). 
Cantilever  bimorph  actuators  produce  large  displacement  (>  100  |xm),  but  their  generative 
force  are  low  (  around  0.5  N).  The  moonie  actuator  can  fill  the  gap  between  the  two 
common  types  of  actuator  design. 

The  aim  of  the  present  work  was  to  investigate  the  actuator  characteristics  of  the 
moonie  transducer.  Important  actuator  properties  including  displacement,  generative  force, 
and  response  time  were  used  to  characterize  the  moonie  actuator.  An  intensive 
investigation  of  the  cavity  size  of  the  endcaps  was  carried  out  to  understand  their  effect  on 
the  actuator  characteristics  of  the  mooiue.  Displacement  increases  exponentially  with 
increasing  cavity  diameter  and  increases  linearly  with  increasing  cavity  depth. 
Displacement  is  inversely  proportional  to  the  endcap  thickness.  For  the  dimensions 
evaluated  in  this  study,  it  was  found  that  a  maximum  displacement  of  22  ^m  can  be 
achieved  with  0.3  mm  thick  endcaps  at  1.0  kV/mm.  Using  the  multilayer  ceramic  in  the 
moonie  design,  the  applied  voltage  was  decreased  to  100  V,  even  though  the  applied  field 
was  constant  at  1.0  kV/mm.  Higher  displacement  values  were  obtained  by  stacking  the 


multilayer  moonie  actuators  together  ( for  5  layers  the  displacement  was  around  105  pm  at 
100  V).  The  maximum  generative  force  of  the  moonie  actuator  with  a  0.3  mm  brass 
endcap  thickness  was  around  3  N  at  the  center  of  the  sample.  Displacement  and  generative 
force  show  a  position  dependent  behavior.  The  fastest  response  time  of  the  moonie 
acmator  varies  between  5-50  psec  depending  on  the  cavity  size. 

As  a  part  of  this  thesis  a  new  endcap  was  developed.  The  new  flextensional 
actuator  was  called  the  “Cymbal”.  The  cavity  of  the  cymbal  endcap  has  a  truncated  conical 
shape.  A  punch  and  die  were  designed  to  fabricate  identical  endcaps  with  minimal  cost 
Cymbal  actuators  show  higher  displacement  values  of  about  40  pm,  with  less  position- 
dependent  behavior.  They  also  have  higher  generative  forces  (15  N)  due  to  the  enlarged 
active  surface,  and  reduced  metal  content 

The  reliability  of  the  moonie  actuator  depends  on  the  mechanical,  electrical  and 
chemical  stability  of  the  bonding  layer.  The  characteristics  of  the  bonding  layer  of  the 
moonie  actuator  were  tested  with  destructive  (peel-up),  and  nondestructive  (  Scanning 
Acoustic  Microscopy  and  resonance  spectrum)  techniques.  Eccobond-45  was  selected  as 
the  bonding  agent.  Fatigue  tests  of  multilayer  moonie  actuators  were  performed  under  a 
cyclic  electric  field  1  kV/mm  with  a  triangular  wave  form  at  KX)  Hz  at  room  temperature. 
Deviations  of  less  than  ±0.1%  from  the  original  displacement  value  were  observed  for  up 
to  10^  cycles.  Maximum  deviations  in  the  displacement  of  ±15  %  from  the  room 
temperature  value  were  observed  in  the  range  -20  to  +70  ®C. 

Outstanding  actuator  properties  can  easily  be  achieved  with  flextensional  moonie 
and  cymbal  designs  by  changing  the  cavity  size,  endcap  thickness,  and  endcap  material. 
With  its  unique  design,  moonie  actuators  cover  a  wide  performance  range  between 
multilayer  and  bimorph  actuators. 
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ABSTRACT 

Electromechanical  coupling  effects  such  as  piezoelectricity  and  clcctrostriction 
have  been  widely  applied  in  transducers  and  sensors.  Conventional  transducer  materials 
include  ceramics  such  as  lead  zirconatc  titanatc  (PZT)  and  lead  magnesium  niobatc-lcad 
litanate  (PMN-PT)  and  single  crystals  such  as  quartz.  During  the  last  two  decades, 
electromeehanical  polymers  have  drawn  much  attention  beeausc  they  have  high 
mechanical  flexibility,  low  acoustic  impedance,  and  can  be  easily  molded  into  desirable 
shapes.  Piezoelectric  polyvinylidene  fluoride  (PVDF)  and  its  copolymer  with 
trifluoroethylene  (TrFE)  and  trtrafluorocthylenc  (TFE)  have  already  been  used  in  various 
transducers.  The  recently  discovered  large  clectric-ficld-induccd  strains  ol  polyurethane 
elastomers  manifest  the  potential  utilization  of  the  materials  in  transducers  and  sensors. 
However,  compared  with  electromechanical  ceramics,  the  property  characterization  and 
basic  understanding  of  electromechanical  polymers  are  far  from  complete.  The  purposes 
of  this  research  aie  to  carry  out  a  comprehensive  investigation  of  the  electromechanical 
properties  of  a  P(VDF-TrFE)  (75/25)  copolymer  and  polyurethane  elastomers  and  to 
obtain  a  better  understanding  of  the  mechanisms  of  electromechanical  effects  of  these 
materials.  The  main  results  of  this  research  are  of  great  significance  in  the  smart 
materials  engineering  and  molecular  modeling  of  these  materials. 

For  P(VDF-TrFE)  (75/25)  copolymer,  all  matrix  elements  of  complex 
piezoelectric  strain  coefficient,  dielectric  constant  under  constant  stress,  and  elastic 
compliance  under  constant  electric  field  have  been  measured.  All  other  coefficients  in  the 
constitutive  equations  of  piezoelectricity  have  been  calculated  based  on  the  measuicd 
properties.  The  temperature  and  frequency  dependencies  of  each  of  the  complex 
piezoelectric  d  coefficients  and  complex  dielectric  constants  have  been  measured.  These 
results,  as  the  most  complete  experimental  data  set  currently  available  lor  any  PVUF  and 


its  copolymers,  provide  a  wealLh  of  informalion  for  device  designing  in  applications  and 
for  theoretical  modeling  in  basic  understanding  of  the  materials. 

A  high-sensitivity,  phase-sensitive  d33  meter,  which  is  suitable  for  the  routine 
measurement  of  complex  d33  constant,  has  been  developed  during  this  research  work. 
The  setup  together  with  the  laser  interferometer  in  this  laboratory  provides  a  unicjuc 
facility  for  chaiacterizing  complex  d  constants  of  piezoelectric  materials. 

The  studies  of  dielectric  and  piezoelectric  relaxation  arc  important  in  the 
understanding  of  property-structure  relationships  of  materials.  The  experimental  results 
of  this  re.scarch  reveal  that  piezoelectric  relaxation  also  occurs  near  the  glass  transition  of 
the  P(VDF-TrFE)  copolymer,  but  the  relaxation  temperature  is  different  from  that  ol  the 
dielectric  constants.  A  two-phase-composite-structure  model,  in  which  the  interaction 
between  crystalline  and  amorphous  regions  was  taken  into  account,  has  been  developed 
to  explain  the  experimental  results.  The  expressions  of  the  effective  dielectric  constant, 
piezoelectric  d  constant  from  the  direct  and  the  converse  effect  and  clastic  compliance 
were  derived  as  functions  of  the  properties  of  the  constituent  phases.  The  numerical 
calculations  of  these  properties  indicate  that  the  amorphous  phase  in  PVDF  and  its 
copolymer  plays  an  important  role  in  the  piezoelectric  response  of  the  materials,  and 
different  relaxation  frequencies  (or  temperatures)  of  piezoelectric  and  dielectric  constants 
are  caused  by  the  interaction  between  the  crystalline  and  amorphous  regions.  The  results 
of  this  model  can  be  also  applied  to  a  0-3  ceramic/polymer  composite  structure. 

As  one  of  the  applications,  PVDF  and  its  copolymers  can  be  used  as 
hydrophone  materials.  The  improvement  of  the  hydrostatic  properties  by  mechanical 
clamping,  such  as  piezoelectric  constants  g|,  and  figure  of  merit  d(,g|,,  was  studied 
experimentally.  The  results  are  in  good  agreement  with  the  theoretical  calculations. 

For  soft  polyurethane  elastomers,  the  strain  coefficients  including  both 
longitudinal  and  transverse  constants  were  precisely  determined  Irom  single  layer,  lice- 


V 


standing  film  samples.  A  strain  level  of  2.2%  was  achieved  for  cast  samples  under  a 
driving  field  490  kV/cm.  The  induced  d33  constant  is  -890  pC/N  under  the  same  level  of 
bias  field.  The  dielectric  and  clastic  properties  were  also  studied.  The  results  of 
hydrostatic  measurements  indicate  that  the  clcctrostriction  contribution  is  less  than  2%  of 
the  total  strain  response.  Therefore,  it  is  concluded  that  Maxwell  stress  effect  is  one  of 
the  major  contributions  to  the  field  induced  strain  response  of  the  materials.  It  is  also 
found  that  non  uniformity  exists  in  these  materials,  which  greatly  enhances  the  strain 
response. 
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ABSTRACT 


The  ceramic-metal  composite  actuator,  or  “moonie”,  has  been  successfully  modified 
in  design  so  as  to  integrate  both  sensing  and  actuating  functions  into  a  single  device.  The 
prototype  design  consists  of  a  thin  (O.Imm)  piezoceramic  sensor  imbedded  within  the 
surface  of  a  standard  3mm  thick,  1 1mm  diameter  moonie  actuator.  This  “smart”  composite, 
in  combination  with  a  simple  feedback  circuit,  was  used  to  actively  control  low-level 
sinusoidal  external  vibrations  coming  from  a  multilayer  actuator  with  known  vibration 
frequency  and  amplitude.  The  sensor/actuator/feedback  system  is  capable  of  detecting  and 
suppressing  in  real  time  small  (<lpm)  vibration  displacements  with  low  (<100gf)  forces. 
The  dynamic  frequency  range  of  this  device  ranges  from  lOOHz  to  about  6000Hz. 

It  is  also  shown  that  by  replacing  the  piezoceramic  in  the  actuator  with  an 
electrostrictive  ceramic  (PMN-PT),  the  sensitivity  of  the  sensor  can  be  tuned  by  changing 
the  applied  bias  field. 


